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- SUMMARY
oA/ | |
The general objective of the study program is to develop parametric data
for the generation, control, conversion and transmission of electric power
for space vehicles. The coolant temperature for the generator is between

500°F and 1500°F. The ratings to be studied are between one and ten mega -

watts. Voltage levels for the system are between 5000 and 50, 000 volts d-c.

This report presents the technical data developed during the three-month

period ending May 8; 1962.

In compliance with the objectives of the study program, the technical in-
formation compiled during this period covers the following items:
1. Generator designs for two, five, and ten megawatts over the
voltage, temperature, and speed range.
2. Parametric data of generator weight and efficiency as a function
of system rating.
3. Parametric data of weight and efficiency for electricél conversion

and control devices as a function of system rating.

iii
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1.0 OBJECTIVES OF THE STUDY
The objective of this program is to provide parametric data to aid in the study
of practical electric power generation and transmission systems for use with

electric propulsion engines. This objective is divided into four major parts:

1. Develop parametric data for electric power systems.

2. DPrepare the parametric design data in a form readily applicable

for use in the cdmplete analysis of power conversion systems.

3. DPerform detailed design studies and prepare preliminary designs
for three of the most promising electric power systems concepts

resulting from the parametric data.

4. Summarize the required research and development areas for the
electric sys_teni. This summary will recommend programs to
cover the areas in which additional effort. is required to assure the

successful design and development of a flight prototype system.
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2.0 REQUIREMENTS AND SCOPE OF THE STUDY

2.1 SYSTEM DEFINITION

The power systems studied should have the following end performance.

1.

2.

Ratings of one, two, five, and ten megawatts.

Voltage levels of 5000 to 50, 000 volts d-c as follows:

a.

Continuous voltage variation from 5000 to 50, 000 volts with
constant power output.

Voltage variation in steps, with a constant power output and
with 5000 volts as a minimum point and the upper point being
20, 000 volts or greater. Limited excitation control will pro-
vide variation around these step points.

Voltage vé.riaiion in steps only with constant power output.
One calculation to show the weight penalty imposed by voltage
variation from 5000 to 50, 000 volts at constant power by ex-
citation only.

Continuous voltage variation from 5000 to 50, 000 volts with

the output proportional.to the square of the voltage.

The systems studied should conform to the following operating conditions:

1.

Generator rotational speeds between 10,000 and 24, 000 RPM will be

studied. However, if a design point is impractical within this speed

range, ‘the speed will be reduced until a design becomes practical.

Generator coolant temperatures between 500°F and 1500°F,

Generator bearings and seals are not a part of this study.
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4, The generator.coolant will be an alkali metal. Prime consideration
will be given tp potassium with alternate coolants being sodium,
rubidium, and sodium-potassium eutectic.

5. The generatqr will be exposed to alkali metal vapors which will be
considered to be present when preparing the parametric data.

6. Materials and components used shall be based on the projected im-

provements of the present materials five years hence.

2.2 SCOPE OF THE STUDY

Parametric data shali be developed and presented in graphic or tabular fofm,
with a technical discussion, on the following:

Generators - Generator data shall be developed over the range of variables
for rating, speed and femperaturé as stated in section 2.1. Frequency shall
be determined for minimum and maximum design points and held constant

for other designs where practical.

Seals and Bearings - Consideration shall not be given to seals, bearings,

insulation and other periphery materials.

Transmission Lines - Materials considered for transmission lines shall be

copper, aluminum, and silver.

Generator Excitation and vContI"ol - Methods of generator excitation and
control shall be studied to meet the required output voltages and rating.
Components to be included in the study are silicon-controlled rectifiers,
magnetic amplifiers with silicon rectifiers, high-temperature tubes and
magnetic amplifiers with gallium arsenide or silicon carbide high-temper-

ature-diodes.
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Transformers and Rectifiers - Transformers and rectifiers shall be studied
to meet the end performance. The influencing parameters shall be weight,
efficiency, operating temperature, insulation system, magnetic materials,

coil materials, and frequency.

A maximum of twenty mutually selected design points will be calculated to
determine the effects of contemplated advances in techniques which, al-
though not expected to be available in five years with the present level of

effort, could be mdde available with increased effort.

After the parametric data has been prepared, three conceptual deéigns for
the electric power generation and transmission systems will be selected
and three system designs will be prepared. The systems selection must
take into account the thermal to mechanical energy conversion system
(nuclear reactor, turbine, and heat rejection radiator) and the electric

propulsion engines or electric power utilization apparatus.

Problem areas which require research to insure successful development
of these designs will be summarized and suggested programs included in

the final technical report.

No component fabrication and testing shall be required for this program.



3.0 SECOND QUARTER PROGRESS
This report covers the progress and technical data for the second quarter

of contract NAS 5-1234, Space Electric Power Systems Study.

The purpose and scope of contract NAS 5-1234 are stated in Sections 1.0 and

2 0 of the technical report.

Summary

The general objective of the study program is to develop parainetric data for
the generation, control, conversion and transmission of electric power for
space vehicles. The coolant temperature for the generator is between 500°F
and 1500°F. The ratings to be studied are between one and ten megawatts.

Voltage levels for the system are between 5000 and 50, 000 volts d-c.

This section presents the technical data developed during the three-month

period ending May 8, 1962.

In compliance with the objectives of the study program, the technical informa-
tion compiled during this period covers the following items:
1. Generator designs for two, five, and ten-megawatts over the voltage,
temperature, and speed range.
2. Parametric data of generator weight and efficiency as a function of
system rating.
3. Parametric data of weight and efficiency for electrical conversion and

control devices as a function of system rating.
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3.1 Generator Parametric Data and Analysis

‘The weight given for each design does not include the weight of rotor-shaft

extensions, bearings, end bells, cooling tubes, or terminal boards. The
calculated electrical weights are, however, sufficient for the comparisons.
For the generator ratings considered, the weight of the above items will

add about 20% to the electrical weights.

The length given for each design is the distance between the tips of the
stator winding end extensions. The genrerator end bell. lengths are not in-
cluded because they are small in comparison to the overall generator.

lengths for the generator ratings considered.

Because the designs consider only incremental wire sizes, variations occur
in the generator designs as the wire size and number of conductors per slot
are changed to obtain the desired generator parameters. Consequently, the

resulting designs may show some small variations in weight and efficiency.

SAE 4340 rotor steel was used for the 500°F, two, five, and ten-megawatt
designs. At coolant temperatures of 800°F and above Westinghouse-Nivco
rofor steel was used to provide suitable high temperature strength. At a
steel temperature of 600°F,rotor-core flux densities in the crder of 85
KL/in2 were possible using the SAE 4340 steel, while at steel tempera-
tures of 900°F and 1200°F rotor-core fiux densities were limited to about
60 KL/in2 and 55 KL/in2 respecﬁvely by the use of Nivco rotor steel. The
reduced flux densities at steel temperatures above 600°F required a larger

rotor-steel area and increased weight to carry the required flux.



HIPERCO 27 steel was used for the stators in all designs calculated. The
HIPERCO 27 curves show little difference in magnetic characteristics at
steel temperatures of 600°F and 900°F for flux densities in the order of
120 KL/in2 to 140 KL/inz. At a steel temperature of 1200°F the reduction
in stator flux densitieAs' (about 10%) required an increase in stator-steel

weight to carry the required flux.
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3.1.1 Two-Megawait ,Generator Designs
Summary
The weight and efﬁéiency vs. speed curves indicate the desirability of

15,000 to 20,000 RPM gererators operating at an average coolart tempsr-

. ature of 500°F, At coolant temperatures of 800°F and speeds cf 15, 000

RPM, the two-megawatt designs exceeded the stress limit of the rotor steel.

The weight and efficiency vs. voltage curves in general show small effect
on weight of variations over the 500 to 2140 generator vcltage range. Vol-
tage variation produced a socmewhat more significant effect on efficiency.

In general, voitages of 1000 and 1500 volts resuited in designs with the

least weight and the highest efficiencies.

The following table is a summary of the two-megawatt generator designs,

in order of increasing weight and decreasing efficiency.

ELECTRICAL
DESIGN WEIGHT DESIGN EFF.

1000 V.,15,000 RPM, 500°F 967 ibs. 1000 V., 15,000 RPM, 500°F  95. 8%
1500 V.,15,000 RPM, 500°F 968 ibs. 1000 V., 20,000 RPM, 500°F 5. 6%
1000 V.,20,000 RPM, 500°F 1009 ibs. 1500 V., 20,000 RPM, 500°F  95. 4%
500 V., 15,000 RPM, 500°F 103§ Ibs. 1500 V., 15,000 RPM, 500°F  95. 3%
1500 V., 20,000 RPM, 500°F 1039 ibs. 500 V., 15,000 RPM, 500°F  95. 29
2140 V., 20,000 RPM, 500°F 1126 lbs. 2140 V., 20,000 RPM, 506°F  95. 2%
500 V.,20,000 RPM, 500°F 1207 ibs. 500 V., 20,000 RPM, 500°F  95.2%

Combining like design points from above, the three best cverall two-megawatt

generator designs are:

1000 V., 15,000 RPM, 500°F 967 ibs. 95. 8% E£f,
1500 V., 15,000 RPM, 500°F 988 Ibs. 95. 3% Eff,

1000 V., 20,000 RPM, 500°F 1009 Ibs. 95, 6% E{f.
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Weight vs. Speed Curves (Figures 3.1.1-1, 2, 3, and 4)

At an average coolant temperature of 500°F, two —megawatt—ge_nerator Speeds
up to 20, 000 RPM were possible without exceedihg the étress limit of the
rotor steel. The lightest ‘weigﬁt practical designs were obtained at speeds
of 15,000 tp 20,000 RPM. In general, a speed increase results in a de-
crease in generator weight. In a few cases, however, the calculated 15, 000

RPM designs showed a slight (2 - 5%) weight advantage over 20,000 RPM

l'ldesigns, due possibly to better combinations of poles, slots, and conductor

sizes in some of the 15,000 RPM designs.

At an average coolant temperature of 800°F, designs at speeds above

10, 000 RPM exceeded the stress limit of the rotor steel. At 10, 000 RPM,
the 500°F designs were fo;ind to be in the order of 25% lighter in weight (see
designs 78 through. 85). The increased weight of the 800°F designs, as ex-
plained previously, is pé,rtially caused by the need to generate a higher volt-

age to overcome the increased IR drop.

At an average coolant temperature of 1100°F, designs at 6000 RPM exceeded
the stress limit of the rotor steel. 4000 RPM, 1100°F designs (122 through
125) did not exceed the rotor-steel stress limit, but the 4000 RPM designs

were found to be several times heavier than higher speed designs.

No 1500°F designs were considered for a generator rating of 2-megawatts,
because previous 1-megawatt generator designs at 1500°F were not found

practical.
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Based upon the curves of Weight vs. Speed for two-megawatt generators, the
500°F designs for speeds from 15, 000 to 20, 000 RPM havé the least weight,
Two-megawatt, 800°F designs must be limited to speeds of 10, 000 RPM or
less and two-megawatt 1100°F designs must be limited to speeds. of 4000 RPM

or less so that rotor-steel stress limits are not exceeded.

Efficiency vs. Speed Curves (Figures 3.1.1-1, 2, 3, and 4)

The two-megawatt designs showed a general increase in efficiency as rated
épeed was incr‘eased up to 20,000 RPM. This was true for the 500°F designs
because the copper losses decreased faster than the iron losses increased, and
for the 800°F designs because the copper losses decreased faster than the win -
dage losses increased. From 20,000 to 24,000 RPM the 500°F designs showed
a slight decrease in efficiency, due principally to larger increases in iron
losses. The windage loss at 500°F was negligible comparedbto the other losses.
From 20, 000 tp 24, 000 RPM the 800°F designs showed a larger decrease in
efficiency than the 500°F designs, because the windage losses about doubled

in going from 20, 000 RPM to 24, 000 RPM.

Based upon the 2-megawatt generator Efficiency vs. Speed Curves, speeds of
15, 000 and 20, 000 RPM resulted in the highest efficiencies. The efficiencies

at both these speeds were about equal for the practical 500°F designs.

Weight vs. Voltage Curves (Figure 3.1.1-5 through 3.1.1-10)

The Weight vs. Voltage curves at various speeds b(ﬁgures 3.1.1-5, 6, and 7)
show that for the 15,000 RPM and 20, 000 RPM speeds, the lowest weights

occurred at generator voltages of 1000 and 15000 volts. At 10, 000 RPM, 500°F,

14
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a voltage of 1500 volts produced the lightest weight design. A 10,000 RPM,

800°F, a voltage of 1000 volts produced the lightest weight design. The

| 1100°F, 4000 RPM, curve shows rather extreme variations in weight at

different voltage levels. The cause of this variation might be the effect of
varying slot configuration and conductor sizes in the low speed designs, re-
sulting in larger rotor diameters and longer stack lengths in the 500 V and

1560 V designs.

The Weight vs. Voltage curves at various temperatures (figures 3.1.1-8; 9,
and 10) illustrate the weight advantage of the practical,lower-temperature de-
signs, and again show the 500°F, 15,000 and 20,000 RPM designs at voltages

of 1500 and 2000 volts to be the best designs from a weight standpoint.

Based upon the Weight vs. Voltage Cur\}es, a two-megawatt generator voltage

range of 1000 to 1500 volts appears to result in the lightest weight designs.

Efficiency vs. Voltage Curves (Figures 3.1.1-5 through 3. 1. 1-10)

As would be expected, the 2140 V designs had, in general, the highest core
losses and lowest copper losses. As the rated voitage was decreased to 500
volts, the required increase in rated current, in most cases, caused an in-
crease in the copper (IzR) losses and a decrease in thé core losses. As shown
in figures 3.1.1-5, 6, and 7, the lowest combined losses and thus the highest
efficiencies occurred in the 1000 to 1500 voltage range for the practical de-

signs at 500°F and 800°F.

The 1100°F, 4000 RPM curve (figure 3.1.1-7) shows relaﬁvely lower efficiencies

at 500 V and at 1500 V than at 1000 V and 2140 V designs, because the combina-

21



tion of parameters used for the 500 V and 1500 V designs resulted in larger

rotor diameters and higher iron and windage losses.

Figures 3.1.1-8, 9, and 10, for various coolant temperatures,show that

10b0 and 1500 volt designs have .a.n efficiency advantage at 500°F and 800°F.
The 800°F, 10,000 RPM designs at 1000 and 1500 volts show a slightly
higher efficiency than the 500°F, 10, 000 RPM designs, due to combinations
of design parameters which produced relatively low iron losses for the 800°F,

10;000 RPM, 1000 and 1500 volt designs.

Based upon the Efficiency vs. Voltage curves, a two-megawatt generator
voltage range of 1000 to 1500 volts appears to produce the highest efficiency

designs.
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3.1.2  Five-Megawatt Generator Designs

Summary

The weight and efficiency vs. speed curves indicate the desirability of 10, 000
RPM to 15,000 RPM generators operating at an average coolant temperature

of 500°F. The number of practical designs at 15,000 RPM, 500°F were limited

because some designs exceeded the stress limit of the rotor steel.

At coolant temperatures of 800°F, speeds of 10, 000 RPM, the five-megawatt
designs exceeded the‘ stress limit of the rotor steel. To maintain reasonable
rotor stresses, the maximum speed was 6000 RPM foi' 800°F designs and
2000 RPM for a limited number of 1100°F designs. The five-megawatt, 800°F

and 1100°F designs were several times heavier than the 500°F designs.

The weight and efficiency vs. voltage curves show that for the practical
10,000 RPM, 500°F designs, voltage variation of 500 to 2140 volts had little
effect on weight or efficiency. The lowest weight occurs at 1000 volts. A
slight efficiency advantage is shown for voltages above 500 volts. Voltages
of 500 and 1500 volts produced practical 15,000 RPM designs, while the 1000
and 2140 volt, 15,000 RPM designs, exceeded the stress limit of the rotor
steel. The 1500 volt, 15,000 RPM, 500°F design was the hghtest five-mega-

watt design.

The following table is a summary of the best five-megawatt generator de-

signs in order of increasing weight and decreasing efficiency.
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ELECTRICAL C
DESIGN ' WEIGHT DESIGN EFF.

1500 V, 15,000 RPM, 500°F 2938 lbs. 2140 V, 10,000 RPM, 500°F 95,8

500 V, 15,000 RPM, 500°F 3132 lbs. 1000 V, 10,000 RPM, 500°F 95, 8
1000 V, 10,000 RPM, 500°F 3338 ibs. 1500 V, 15,000 RPM, 500°F 95.7
500 V, 10,000 RPM, 500°F 3392 lbs. 500 V, 10,000 RPM, 500°F 95. 3
9140 V, 10,000 RPM, 500°F 3539 lbs. 500 V, 15,000 RPM, 500°F 95. 2

Combining like design points from above, the four best five-megawatt genera-
tor designs are: '

1500 V, 15,000 RPM, 500°F 2938 lbs. 95. 1% Eif.

500 V, 15,000 RPM, 500°F 3132 lbs. 95, 2% Eff.
1000 Vv, 10,000 RPM, 500°F 3338 lbs. 95. 8% Eff.
"500V, 10,000 RPM, 500°F 3392 lbs. 95. 3% Eff.

Weight vs. Speed Curves (Figures 3.1.2-1, 2, 3, and 4)

At an average coolant temperature of 500°F, five-megawatt generator speeds
up to 10,000 RPM were possible and two designs at 15, 000 RPM were possible
without exceeding the rotor-steel stress limit, The lightest weight were the two
practical 15,000 RPM, 500°F designs (No. 135 and No. 137). The lower voltage
10,000 RPM, 500°F designs were,however, only about 10% heavier than the
15,000 RPM designs. Design No. 127 utilized a combination of parameters in
the computer design calculation resulting in a low Xqand a high weight for the
design calculated. Further analysis of this design point, and adjustment of
computer input data could result in a reduction of weight with a corresponding
increase in X4q. This was not done since the data obtained was used for a gen-
eral choice of operat;ing parameters rather than for the choice of a specific

final design.

At an average coolant temperature of 800°F;it was necessary to reduce the

speed to 6000 RPM to obtain five-megawatt designs which did not exceed the
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rotor-steel stress limits. .As shown by Designs 142 thru 145, the weights
of the 6000 RPM, 800°F designs were about twice the weights of the 10, 000

and 15, 000 RPM, 500°F designs.

All 1100°F designsy at 4000 RPM, exceed rotor-steel stress limits.

Design 153, which approximately equaled the allowable rotor-stress limit,
was about three times heavier than the 10,000 and 15,000 RPM, S500°F de-

signs. All computer input data for 2000 RPM designs did not produce com-
plete designs because the requirements for 120 poles at 2000 RPM limited

the possible slot combinations. Designs 154 and 155 at 2000 RPM, 1100°F

indicate the excessive weight resulting from this low speed.

Based upon the curves of weight vs. speed for five-megawatt generators,

500°F designs at'speeds of 10, 000 and ~15, 000 RPM are the lightest. To stay

within the rotor-steel stress limits, 10,000 RPM appears preferrable for

five-megawatt generators.

Efficiency vs. Speed Curves (Figures 3.1.2-1, 2, 3, and 4)

The highest efficiencies for five-megawatt generators cccurred, in general,

at 10,000 RPM, 500°F. At these conditicns, all efficiencies were akove 25%

except for Design 127 (discussed in the preceding paragraph) which was ex-
cessively heavy and had high iron losses. The 15,000 RPM 500°F designs

had efficiencies slightly less than the 10,000 RPM, 500°F designs, because

the iron losses increased faster than the copper losses decreased at the higher

speed. Windage losses at 500°F were negligible in comparison to the other

losses,
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Based upon the curves of Efficiency vs. Speed for five-megawatt generators,
the highest efficiency designs occur at a speed of 10,000 RPM and a coolant

temperature of 50 0°F;

Weight vs. Voltage Curves (Figures 3.1.2-5 through 3.1.2-9)

The weight vs. voltage curves at various speeds (figures 3.1.2-5, 6, and 7),
show there is little variation in weight over the 500 to 2140 voltage range for
the 10,000 RPM, 500°F designs. The 500 volt and the 1000 volt designs

ghowed a slight weight advantage. The high weight of Design 127 appears to
be due to a poor combination of design parameters, rather than directly due
to the voltage level and its correspbnding insulation requirements. As pre-
viously explained. the 1500 volt design weight could be brought in line with |
the other 10,000 RPM, 500°F weight by adjusting computer.input data to ob-

tain a higher X, design.

d

The weight vs. voltage curves at various temperatures, (figures 3.1.2-8 and
9), illustrate the weight advantage of the practical lower -temperature designs.
The 800°F, 6000 RPM designs show a greater effect of voltage on weight than
do the 500°F, 10,000 RPM designs. The 500 volt, 800°F, 6000 RPM design
showed a definite weight advantage over the higher voltage 800°F, 6000 RPM

designs.

Based upon the weight vs. voltage curves, a five-megawatt generator voltage
range of 500 to 1000 volts appears to give the lightest weight 10, 000 RPM
designs and a voltage of 1500 volts appears to produce the lightest weight

15, 000 RPM designs.
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Efficiency vs. Voltage Curves (Figures 3. 1. 2-5 through 3. 1. 2-9)

In general, for the practical 10,000 RPM, 500°F designs, the voltage varia-
tion from 500 to 2140 volts had little effect on efficiency; however, a slight
Sefficiency advantage is seen for voltages above 500 volts, since‘ at' 500 volts
both the copper and iron losses were. higher than for the other 10,000 RPM,
500°F designs (with the exception of design 127, the low X j design previously
discussed). Efficiencies of 95. é% were obtained for 10,000 RPM 500°F de-

sjgns at both 1000 volts and 2140 volts.

" Based on the efficienéy vs. voltage curves, five-megawatt generator voltages
of 1000 and 2140 volts result in 10,000 RPM, 5CC°F designs with the highest
efficiencies. A voltage of 1500 volts resulted in the 15,000 RPM, 500°F de-
sign with an efficiency approximately equal to the most efficient 10? 000 RPM,

500°F designs.
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3.1.3 Ten-Megawatt Generator Designs

Summary

The weight and efficiency vs. speed curves indicate the desirability of 10, 000
RPM generators operating at an average coolant temperature of 500°F. All

ten-megawatt generator designs for speveds above 10, 000 RPM exceeded the

stress limit of the rotor steel.

In order not to exceed the rotor stress limits it was necessary to reduce the
speed to 4000 RPM for 800°F designs and to 2000 RPM for 1100°F designs.
The resulting low speed désigns were several times heavier than the 10, 000

RPM, 500°F designs.

The weight and efficiency vs. voltage curves for the 10-megawatt generators
show a weight advantage at 500 and 1500 volts, with the highest efficiency

occurring at 1500 and 2140 volts for the practical 10, 000 RPM, 500°F designs.

The following table is a summary of the ten-megawatt designs in order of in-
creasing weight and decreasing efficiency.
ELECTRICAL %

DESIGN WEIGHT DESIGN EFF.

500 V, 10,000 RPM, 500°F 7039 Lbs. 1500V, 10,000 RPM, 500°F 95.8
1300 v, 10,000 RPM, 500°F 7215 Lbs. 2140 VvV, 10,000 RPM, 500°F 95.7
2140 v, 10,000 RPM, 500°F 8503 Lbs. 1000 v, 10,000 RPM, 500°F 95.00
1000 v, 10,000 RPM, 500°F . 8836 Lbs. 500V, 10,000 RPM, 500°F 91.1

Combining like design points, the best ten-megawatt designs are:

1500 v, 10,000 RPM, 500°F 7215 Lbs. 95.8% Eff.
2140 v, 10,000 RPM, 500°F 8503 Lbs. 95.7% Eff.
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” Wewht vs. Speed Curves (Figures 3.1. 3-1, 2, 3and 4)

At an average coolant temperature of 500°F, the hlghest ten-megawatt- gener-
ator speed possible without exceeding the stress limit of the rotor steel, was
10,000 RPM. The 15, 000 RPM, 500°F, ten-megawatt designs exceeded the max-

imum rotor stress limit by 30% or more. (See Designs 166 thru 169).

At an average coolant temperature of 800°F, 10,000 RPthen-fnegawatt designs
showed over twice the rotor stress allowable at this temperature. A épeed of
6000 RPM produced designs with rotor stresses at or above the allowable
stress. These 6000 RPM, 800°F designs were more than 50% heavier than the
10, 000 RPM, 500°F designs. 4000 RPM, 800°F designs were found to be more

than twice the weight of the 10,000 RPM, 500°F designs.

Based upon the ten-megawatt designs calculated, the 10, 000 RPM, 500°F de-

signs are the best, from a weight standpoint, for this rating.

Efficiency vs. Speed Curves. (Figures 3.1.3-1, 2, 3 and 4).

At an average coolant temperature of 500°F and a speed of 10, 000 RPM, ef-
ficiencies gfeater than 95% were obtained for the 1000, 1500, and 2140 volt
designs. The efficiency of 91.1% obtained for the 500 volt design resulted from
the higher iron losses, as can be seen by comparing the tabulated data for
Design 161 with those of Designs 158, 159, and 160. Design 161 used b4 slots
compared with over 100 slots for the other three designs; the air gap flux den-
sity was also approximately 70% higher in Design 161. Because the pole face
loss is proportional to the tooth width raised to the 1.88 power and proportional

to the square of air gép flux density, Design 161 had three times more pole face
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e

loss than Design 160 with 100 slots, and about six times more pole face loss

than Designs 158 and 159 with 216 and 180 slots respectively.

Based on the Efficiency vs. Speed Curves, for the 10-megawatt designs, a
speed of 10, 00C RPM gives the highest efficiency for generator voltages cf 1000

volts to 2140 volts.

Weight vs. Voltage Curves (Figures 3.1.3-5 through 3.1.3-10).

E;igures 3.1.3-5 and -8 show a weight advantage of 500 and 1500 volts for the
pfactical 10, 000 RPM, 500°F designs. This indicates that this condition.gives
the best combinations of internal generator parameters. The 500 volt design

showed a slight (3%) weight advantage over the 1500 volt design.

Figures 3.1.3-6 and -10 show a weight advantage at 500 and 1500 volts for the
practical 4000 RPM, 800°F designs. Designs 179 and 181 show that the weights

are almost identical at these voltages.

The only 2000 RPM, 1100°F designs found practical show that the 2140 volt
design offers a slight weight advantage over the 1500 volt design. The weight.
required by this low speed was more than 8 times the weight of the 10, 000

RPM, 500°F designs.

Based upon the weight vs. voltage curves, the 500 and 1500 volt désigns appear

to be the best from a weight standpoint.
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Efficiency vs. Voltage Curves (Figures 3.1.3-5 through 3. 1.3-10).

Figures 3.1.3-5and —8 show the highest efficiencies at the 1500 and 2140 volt
designs for the 10,000 RPM, 500°F condition due to the lower iron losses of
the higher-voltage designs. Considerably lower efficiencies are evident for
the 500 volt designs both at‘ 10,000 RPM, 500°F and at 4000 RPM, 800°F. In
both cases, the iron losses Afor the 500 volt designs were two to three times

the iron losses at the higher voltage designs. The iron losses were fugh be-

cause there were less slots resulting in increased pole face losses.

Based upon the efficiency vs. voltage curves for the 10-megawatt-generator

designs, the efficiency is highest for the 1500 and 2140 volt designs.
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3.1.4 Comparison of Weight and Efficiency as a Function of Generator
Rating

Figure 3.1.4-1 illusfrates the range of designs calculated and the practical

design areas found from the calculations. Table 3.1.4-1 shows the para-

meters which producéd the lightest weight, highest efficiency designs for

each rating. Weight and efficiency vs. rating at various speeds, voltages,

and coolant temperatures are discussed in the following sections.

Tables 3. 1. 4—2, 3, and 4, following each discussion, summarize the com-

parisons made.

3.1. 4.1 Effect of Speed (Figures 3. 1. 4-2 through 3. 1. 4-13 and Table 3. 1. 4-2)

Weight

The weight vs. rating curves at various speeds show a 500°F coolant tem-
perature to be the most suitable for comparison of the one to ten-megawatt
ratings. Above 500°F only ohe and two-megawatt designs were found prac-

tical without decreasing the speed below 10,000 RPM.

At 10,000 RPM and 500°F coolant temperature, designs which did not exceed
the stress limits of the rotor steel were obtained from one to ten megawatis.
At 10,000 RPM and 800°F coolant temperature, oniy one and two-megawatt
designs were found practical. Table 3. 1. 4-2 shows a lower weight to power
ratio for the five-megawatt, 10,000 RPM, 500°F designs than for the other
practical 10,000 RPM designs. From the table and curves, the 10,000 RPM

designs are seen to be heavier than the designs at higher speeds.
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DESIGN CALCULATIONS FOR PARAMETRIC STUDY ‘
Notes: (1) Each design point shown was calculated at 500, 1000,1500 & 2140 1-N Volis.
(2) o Designates practical design points calculated.
(3) 4 Designates calculated designs which exceeded rotor-steel stress

Figure 3.1, 4-1
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A speed of 15,000 RPM, at a coclant temperature of 500°F, limited the

rhaximum practical rating to five-megawatts. At 15,000 RPM, 8CO°F only
one-megawatt designs were found practical. Of the practical 15,000 RPM
designs, the two-megawatt, 500°F designs had the lowest weight to power

ratios, as seen in Table 3. 1. 4-2,

A speed of 20,000 RPM, at a coolant temperature of 500°F, limited the
maximum practical ratings to two-megawaits. No 20,000 RPM desighs
were found practical at coolant temperatures of 800°F and above. The one-

megawatt, 20,000 RPM, 500°F designs had a lower weight to power ratio

At 24,000 RPM, 500°F, only one-megawatt designs were found practical.
24,000 RPM designs at higher ratings or at higher temperatures exceeded
the stress limits of the rotor steel. The one-mega\zv‘a,ttS 24,000 RPM, 500°F

designs had the lowest weight to power ratios of all designs calculated.

The rated speed was reduced to 6000 RPM, to obtain practical five and ten-

megawatt designs at an average coolant temperature of 800°F and to obtain

practical one- megawatt designs for an average coolant temperature of 1100°F,

The five and ten-megawatt, 6000 RPM, 800°F designs showed approximately

equal average ratios of weight to power, while the one-megawatt, 6000 RPM,

1100°F designs showed a higher weight-to-power ratio. The 6000 RPM de-
signs had weight-to-power ratios of about 1.5 times higher thaxn the 10, 000

RPM designs.
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The rated speed was reduced to 4000 RPM to obtain practical two- megawatt,
1100°F desigr_xs. The fwo- megawatt désigns showed a weight-to-power ad-
vantage over the one-megawatt designs at this speed and temperature.

The 4000 RPM designs had weight-to-power ratios in the order of three to

four times higher than the 10, 000 RPM designs.

Efficiency

The 10,000 RPM curves indicate the highest efficiencies can be obtained at

a rating of five megawatts for this operating speed. -Comparison of the tabu-
lated data (for the 10,000 RPM 2, 5, and 10-megawatt designs) shows that the
five-megawatt average iron loss is about 2. 5 times that of the two-megawatlt
designs, while the f::ive—megawa.tt average copper loss is about 35% greater
than for the two-megawatt designs. Since total losses showed less than a
proportional increase with rating in going from two to five- megawatts, the
five-megawatt designs show higher efficiencies. In going from five mega-
watts to ten megawatts the average iron loss increased in the order of 2. 8
times while the average copper loss increased about 63%. Since total losses
showed greater than a proportional increase in going from five to ten megawatts
(because of the large increase in iron losses) the five-megawatt,10, 000 RPM

designs in general show higher efficiencies.

ri‘he 15,000 RPM curves show higher efficiencies than the 10, 000 RPM curves
for all one and two-megawatt designs. The practical five-megawatt, 15,000
RPM designs showed, in general, efficiencies equal fo or higher than the five-
megawatt;10, 000 RPM designs. Since the number of five-megawatt designs at
15,000 RPM was limited by the alilowable rotor-stress, the two-megawatt
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designs appear best in terms of efficiency at 15,000 RPM.

A speed of 20,000 RPM limited the maximum practical ratings to two mega-
watts. The practical 20,000 RPM, two-megawatt designs show efficiencies
nearly equal to those of the 15,000 RPM, two-megawatt designs and in gen-

eral higher than the efficiencies of the one-megawatt, 20,000 RPM designs.

At 24,000 RPM only one-megawatt ratings were found practical. The 24,000
RPM, one-megawatt designs in general, had higher efficiencies than one-

megawatt designs at ‘J‘,owe’r speeds.

The 6000 RPM, 800°F, five and ten-megawatt designs show approximatel
equal average efficiencies while the 4000 RPM, 1100°F designs show an ef-
ficiency advantage for the two-megawatt ratings over the one-megawatt

ratings.

The best designs,at each speed in terms of average efficiency,of those cal-

culated are:

PRACTICAL MEGAWATT

[ N—— L...d

L4

RATINGS CALCUILATED DESIGNS WITH HIGHEST AVG; EFFICIENCIES
1 | 1 megawatt, 500°F at 24, 000 RPM - 95. 2% Avg.
1, 2 | 2 megawatts, 500°F at 20, 000 RPM - 95. 3% Avg.
1, 2, 5 | 2 &5 megawatts, 500°F at 15,000 RPM - 95. 3%

' Avg.

1, 2, 5, 10 5 megawatts, 500°F at 10,000 RPM - 95, 4% Ave.
5, 10 10 megawatts, 800°F at 6000 RPM - 94. 8% Avg.
1, 2 , 2 megawatts 1100°F at 4000 RPM - 91. 6% Avg.
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3.1.4.2 Effect of Voltage (Figures 3.1.4-14 through 3.1.4-20, Table 3.1.4-3
The power-to-weight ratios and the efficiencies at each combination of speed,
temperature, and rating show no definite changes in relative weight and effi-
ciency ranking when designs at 500, 1000, 1500, and 2140 volts are compared;
i.e. the best combination of parameters at one voltage shows the same relative
advantages at the other voltages considered. For this reason, the best voltage
range for each set of operating conditions will be discussed. Voltages are

generator line-to-neutral voltages.

At a speed of 10,000 RPI\;I and an average coolant temperature of 500°F
(Figure 3.1.4-14), designs under five-megawatts show little difference in
weight at the four generator voltaées considered. At ten megawatts, the
1000 and 2140 volt designs show an increase in weight over the 500 and 1560
volt designs, because Of, the better combination of design parameters at the
given operating conditions. Table 3.1.4-3 shows no marked tendency to-
ward a single voltage producing the lightest weight 10, 000 RPM designs.
Three of the six lightest weight 10, 000 RPM designs were at 500 volts and
two were at 1000 volts. The lightest weight two-megawatt, 10,000 RPM de-
sign was at 1500 volts, but the second lightest two-megawatt, 10,000 RPM
design at 500 volts was only about 4% heavier than the 1500 voit design.
Based on these data, voltages of 500 to 1000 volts appear best weight-wise

for 10,000 RPM designs for both 500°F and 80C°F coolant temperatures.

At 15,000 RPM, 500°F, a somewhat more pronounced effect of generator

voltage on weight is seen from Figure 3.1.4-16. From a weight standpoint,
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the best voltage for one and two-megawatt designs appears ‘o b2 1000 volig,
At five- megawatts, 1500 volts shows a weight advantage. At 15,000 RPM,
800°F, only one-megawatt designs were found vractical, and the effect of

varying the voltage for those designs was found to be smzil. Bzsed cn the

designs calculated, voltages of 1000 to 1500 voits appear, in general, io

show the most weight advantage for 15,000 RPM designs.

At 20,000 RPM, 500°F, 500 volts produced the lightest weight cne-megawatt
design and 1000 volis produced the lightest weigh’:'twoumegawatt design.

Designs at higher i’_atings exceeded the stress limifs of the rctor sieel. The
500 to 1000 volt ra:ige appears best for 20, 000 RPM designs, as weil as for

24,000 RPM designs, as shown in Table 3. 1. 4-3.

At 6000 RPM, 800°F, a generator voitage of 500 volts produced the lightest
weight five and ten-megawatt designs. At 6000 RPM, 1100°F, a volfage of
500 volts again produéed the lightest weight one-megawaﬁ: design. Based

on the limited number of practical 6000 RPM designs calculated, 500 vcliis

appears best in terms of weight.

At 4000 RPM, 800°F, vcitages of 500 and 1500 voits resuiied in the lightest
weight ten-megawatt designs. At 4000 RPM, 1100°F, a voltage of 2140 voits
produced the lightest weight one and two-megawait designs. Based on the
limited number cf practical 4000 RPM designs calculated, genaraior voltages

from 1500 to 21490 volts appear to result in the largest weighi advantage.
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" Efficiency

At 10,000 RPM, 500°F, the highest one and two-megawatt generator efficien-

cies occurred at 1500 volts, the highers five-megawatt efficiencies occurred
at 1000 and 2140 volts, and the highest ten-megawatt efficiencies occurred
at 1500 volts. It is reasonable to assume that the 1500 volt, five-megawatt
;design could be improved to increase the efficiency by 1%, because five-
megawatt designs at higher and lower voltages had 1% higher efficiencies
and all 10, 000 RPM designs at other ratings had their highest efiiciencies
gt 1500 volts. Based on the majofity of designs calculated, a generator
voltage of 1500 volts appears to produce the highest generator efficiencies

for operation at 10,000 RPM.

At 15,000 RPM, figures 3.1.4-16 and 17, show that the practical one and two
megawatt designs have the highest efficiencies at 500 to 1000 volts. The five-
megawatt, 500°F, 15,000 RPM desigh has highest efficiency at 1500 volts,
however, its efficiency at 1000 volts is only lower by 1%. Likewise, the
efficiency of the one-megawatt, 500°F, 15,000 RPM is only . 1% lower at

1000 volts compared to 500 volts. From the designs calculated, 1000 volts

appears to give the highest efficiencies for 15,000 RPM designs.

At 20, 000 RPM, the practical one and two megawatt designs had the highest
efficiency at 1000 volts and at 24,000 RPM the practical one-megawatt de-
signs had the highest efficiency at 1500 volts. These designs, in acdition

to the designs previously discussed, further indicate that the highest eifi-

ciencies can be obtained at generator voltages of 16C0 to 1500 volts over a
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speed range of 10, 060 to 24, 000 RPM.

The 6000 RPM curves and Table 3. 1. 4-3 indicate a five-megawatt generator
voltage of 2140 voits for the highest efficiency design with 1500 voits pro-
ducing an efficiency lower by only.2%. A ten-megawait-generator voltage
of 1500 volts at 6000 RPM resulted in the highest efficiency design. Voltages
of 500 and 1000 produced the highest efficiency.one—megawatt, 1100°F design

at 6000 RPM.

The 4000 RPM curves indicate that a voltage of 2140 voits resulis in the
highest efficiencies ﬁ)r the one and two-megawatt, 1100°F designs and for

the ten- mega'.x,vautta 800°F designs.

3.1. 4.3 Effect of Coolant Temperature (Figures 3. 1. 4-21 through 3. 1.4-40,
Table 3. 1. 4-4)

Weight and Efficiency

These curves again illustrate the limited number of practical designs which
did not exceed the rotor-steel stress limits over the 500°F to 1500°F coolant-
temperature range. In general, the lowest weight, highest efficiency designs

were obtained at 500°F.,

The 10,000 RPM curves, figures 3. 1.4-21 to 3.1, 4-24 show a definite weight
advantage for a 500°F coolant temperature for generator ratings above one
megawatt. The effects of an increase in coolant temperaiure from 500°F to

800°F were as follows for the 10,000 RPM designs:
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1 megawatt: 4% avg. weight increase; 0.3% avg. efi. decresse.
2 megawatt:  25% avg. weight
5 megawait: 47% avg. weight increase; 0. 4% avg. eff. decrease.

i eal

10 megawatit: 24% avg. weight increase; 1.5% avg. efi. decrease.

e . 2

A two-megawatt generator coclax! temperature of 300°F resulils in the lightest
weight; however; ai 800°F an efficiency increase of about 1% can ke ckiained.
The five and ten-megawatt, 10, 000 RPM, designs show a greaier efiect of

s 5

higher coolant temperatures on weight and efficiency.

At 15,000 RPM the one-megawatt, 800°F desigrs, show ax 8% higher average
weight and the same average efficiency as the 500°F designs. The twe-
megawatt, 15,000 RPM, 800°F designs and the cne and two-megawatt, 20,300
RPM, 800°F designs exceeded the siress limit of the roior steel. I thase
80C°F designs were made practical by increased rolor-gleel sirength, the in-
crease from 500°F to 800°F would require a wsight penally of gheut 10% at
20,9000 RPM and a weight penalty cf abeut 15% af 15, 000 RPM., There is
little difference in average efficiencies between the 500°F and 803°F designs

at these speeds.

No cne or two megawatt designs were calculaied at 6000 RPM or 4000 RPM

for tempersatures under 1100°F, because praciical 500°F and 800°F designs

were obtained at higher speeds. Likewisg, no five ¢r fern-magawait desi
were calculated ai 6009 or 4900 RPM for tzmperaiuras under 800°F, because

practical 500°F desigrs were cbia‘red at higher speads., At 1100°F, orasiical
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6000 RPM generator ratings are limited to one megawati. At 800°F, some
practical designs were obtained at ratings up fo ten megawaits., Table 3.1.4-4
shows that a generator weight increase of 20% to 30% would be required in
going from 800°F to 1100°F if material were available to mazke the hizher tem-
perature five and ten-megawatt, 6000 RPM designs practical. Changes in ei-
ficiencies would be small. A weight increase of about 15% would be required

in going from 800°F to 1100°F for ten-megawatt, 4000 RPM generatcrs, if

material with sufficient strength at 1100°F was available.
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3.2 Electrical Conversion and Control
This section provides parametric data for the generator-excitaticn control,
switch gear and tap-changing circuitry, power-conversion circuitry, and

transformer.

115



.

(-3

(.J

(..

L (S B L]

G

|-

7

r.\

3.2.1 Static-Exciter-Vcliage Regulators

Voltage regulators used to control a-¢ generators must have the capadility

of supplying the necessary excitation to maintain the generator terminal
voltage at the desiréd level. For generators which require large amounts

of excitation power, it is important that the excitation and control sysiem be
able to furnish the required power and at the same time, have low pocwer dissi-
pation within the regulator. There are several circuits which may be used to
control the excitation to the generator. The advanrtages and dis..avantages of
each will be discussed and calculations of weights and power losses will be
made to select the best circuit for supplying excitation for generators with
ratings of 1, 5, and 10 mégawatts. Table 3.2.1-1 lists the preiiminary

generator designs used in the exciter-regulator calculation for this report.

An exciter —regtilator must perform three basic functions tc control the gen-
erator excitation: (1) detect any error in generator output; {2; amplify this
error signal and furnish a control signal to the power siage; (3; supply the
proper amount of excitation to the generator field through the power stage

to maintain the generatof cutput at the de.sired level. This report will deal
with (2) and (3) since {1) will be essentially independent of the generator ex-

citation requirements.

All exciter-regulators considered in this study utilize the cold-plate type of
package design with a circulating coolant fluid to accomplish component

cooling.
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3.2.1.1 Silicon-Controlled-Rectifier Exciter-Regulator

Power Stage

‘The following circuits have been selected as the most premising for the 2ppli-

cétions requifed by this study: three-phase half-wave utilizing 3 silicon con-
trolied rectifiers; three-phase full-wave utilizing three silicon controlled
rectifiers and three silicon rectifiers; six-phase half-wave, and three-phase
double-wye. The last two require six silicon controlled rectifiers. Listed

below are advantages and disadvantages of each.

Three Phase Half Waye Circuit

Advantages:
1. Only three silicon controlled rectifiers are required.
2. The silicon-controlled-rectifier,gate-contrel circuit is not as com-

plex as the one required for the six-phase circuits.

3. Three-phase transformers are required for power and control cir-
cuits which have fewer windings and connections than six-phase or
three-phase double-wye.

Disadvantages:

1. High peak inverse veltages are impressed across each rectifier for
a given d-c voltage output.

2. The d-c components in the transformer caused by this circuit tend
to saturate the transformer core since they flow oaly in one direction.

3. Each rectifier must carry 1/3 the d-c output current.

118
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Three-Phase Full-Wave Circuit

Advantages:

s

1. The peak-inverse-voltage impressed across each rectifier is low for
a given d-c output voltage. Almqst twice the d-c voltage ouiput can
be obtained for a given peak-inverse-voltage rating for this type cir-
cuit than for other circuits.

2. The power transformer has high primary and secondary utilization
factors. (Utilization factor (UF) is defined as the ratio of d-c power
output from the rectifier circuit to the required volt-ampere capacity
of the transfor}ner.)

3. There is no d-c saturation of the power transformer since the d-c
components flow in opposite directions in the windings and cancel
out.

4, The silicon~controlled-rectifier gate control circuit is not complex
since only three rectifiers must be controlled.

Disadvantages:

1. There are two rectifiers conducting in series with the resultant
added voltage drop.

2. Each rectifier must carry 1/3 of the d-c output current.

Six-Phase Half-Wave Circuit

Advantages:
1. The d-c components in the power transiormer windings cancel;thus
avoiding any tendency toward transformer-core saturation.

2. Each rectifier must carry only 1/6 of the d-c output current.

119




Disadvantages

— 1. The peak-inverse voltage impressed across each rectifier is high
- for a given d-c output voltage.

J ' 2. The transformer utilization factors are low. (UF_) = 0.73 and UFg =
! - 0.551).
= 3 The gate control circuit is more complex since 6 rectifiers must be
i controlled.
=
- 4, Six-phase power and control transformers are required.

=
®

d. The rectifier utilization is lower since the maximum conduction

angle is 60 degrees compared to 120 degrees for the other circuits.

Three-Phase Double-Wye Circuit

Advantages:
1. The power output capability is high.
2. The transformer utilization factor is high (UFp = 0.955 and UFg =
0.675)
3. The diode utilization is high since two rectifiers conduct in parallel

for 120 degrees at load currents above the transition lcad current.
Disadvantages:
1. The gate control circuit is more complex than for 3-phase, half-wave

or 3-phase full-wave since 6 rectifiers must be contrclled.

2. Two three-phase transformers with an interphase transiormer are
required.
~—t
- 3. There is a possibility that unwanted variations in the power cuiput

- will occur since the rectifiers will conduct for only 60° at low load

120
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currents, but will switch into 120° conduction at the transition load
current. (This transition point is dependent upen the interphase

transformer design.)

Because of the possibility of unwanted variations in cutput power duc to
ransition from 60 degrees to 120 degrees conduction at the transition
load current, the three-phase, double-wye circuit appears uncesirable

and will not be considered further.

Figcres 3.2.1-1 through 3.2.1-6 show the theoretical output voltage and out-
put power characteristics as a function of firing angle for three-phase half-
wave, three-phase full-wave, and six-phase half-wave circuits. The curves
were calculated assuming perfecf rectifiers (no voltage drop), perfect com-
mutation (no overlap), and a pure resistive load. For figures 3.2.1-1,
3.2.1-3, 3. 2.‘1-4 and 3.2.1-6 the rms line-to-neutral voltage is that applied
to the rectifiers while figure 3.2.2-2 is plotted as a function of the line-to-
line voltage applied to the rectifiers. The resistance, R, for figures 3.2.1-4,
3.2.1-5 and 3.2.1-6 is the load resistance. The firing angle is defined as the

point in the positive half cycle of a sine wave at which the silicon controlled

rectifier is switched into the conducting state by a gate control signal.

P

Calculations of exciter—regulai:or weight and power loss were made for the
three-phase half-wave, three-phase full-wave, and six-phase half-wave

the caleviations

circuits and their associated control circuits. In all cases,

were based upon derating the peak inverse voltage rating of the rectifiers by

a factor of two and derating their critical junction temperatures by at least

121
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25 percent. Also, calculations in all cases were based upon & ccolant temper -
ature of 50°C and transformer power losses and weights were based uson in-
ternal temperature rise of 300°C. Switching losses of the rectifiers have been
neglected since they are usually a small percentage of the conducticn losses.
A five-megawatt genérator (Design B, Table 3.2.1-1) was selected as the
fnachine to be controlled as a basis for comparison of the three types of cir-
cuits. Table 3.2.1-2 summarizes the results. The total iveight is the pack-

aged weight of the exciter-regulator including coolant weight.

TABLE 3.2.1-2
Comparison of Weight gnd Power Loss of Thi

figuration for Exciter 4Regu1ators Utilizing Silicon Controlled Rectifier Power

Stage.

Total Weight Total Power Loss
Circuit v ‘ - Lbs. Watts
Three-Phase Half-Wave 27.0 428
Three-Phase Full-Wave 20.25 295
Six-Phase Half-Wave 34.5 470

The table shows that the three-phase,full-wave circuit is the best from both
weight and power loss standpoints. Therefore, this circuit will be used for

all the other calculations.

Preamplifier

A three-phase;half-wave magnetic amplifier was selected for control of the
silicon controlled rectifiers in'the power stage. The proper phase relation-

ship between the power stage supply voltage and gate signal to the silicon
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controlled rectifiers can be easily obtained with this configuration.

Parametric Data

Table 3.2.1-3 sumfnarizes the packaged weight and total power losses for
exciter -regulators for one, five and ten-megawaitt generators of Table 3.2.1-1,
The calculations were made for the generator operating at 1.0 per unit voltage
and 1.0 per unit current output. There is essentially no weight or efficiency
penalty on the exciter -regulator for generator output changes to 0.8 per unit
voltage with 1.0 per unit current output and 1.0 per unit voltage with .8 per
unit current output, so Table 3.2.1-3 also is valid for this requirement. An

it

additional control circuit will, however, be required to supply a signal to the
exciter -regulator that is proportional to load power for proper excitaticn

control whenever variations in voltage output are required.

TABLE 3.2.1-3
Packaged Weight and Power Loss of Exciter -Regulators for 1, 5 and 10

Megawatt Generators at 1.0 Per Unit Voltage and Current.

Generator | Exciter -Regulator Txciter-Regulator
Design Weight - Lbs. Power Loss - Watts
A (1 MW) 18.2 252

B (5 MW) 20.25 295

C (10 MW) 22,1 341

The exciter-regulator designs shown in Table 3.2.1-4 are for control of one,
five, and ten-megawatt generators when the generaiorg are onerating at 1.0
per unit voltage with 0.5 per unit current output and 0.5 per unit voliage with

1.0 per unit current output. Because the exciter -regulator must be designed
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for the most severe operating condition, (1.0 per unit voltage with 0.5 per
unit current output from the generator), the weight is determined by this
condition. The power loss is included at the 0.5 per unit voliage with 1.0
per unit current output for the circuit comparisons. Also included in
Table 3.2.1-4 are.the percentage increase in weight and power loss for
these exciter-regulator designs as compared to the designs shown in Table
3.2.1-3 for the corresponding generator rating. This shows the penalty
entailed by designing ior generator voltage and current variations c¢f 0.5

per unit.

TABLE 3.2.1-4
Packaged Weight and Total Power Loss of Exciter-Regulators for 1, 5, and
10 Megawatt Generators at 1.0 Per Unit Generator Voltage with 0.5 Per Unit

Current and 1.0 Per Unit Generator Voltage with 0.5 Per Unit Current.

% Wt. Ex. -Reg. % Power
Increase Power Loss 1oss In-
. over Table Watts crease Over
Generator  EX.-Reg. 3.2.1-3 1.0p.u.V 0. 59 .V Table 3.2.1-3
Design Wt. -Lbs. Design 0.5p.u.I 1.0p.u.l Design
A (1 MW) 19.5 7.15% 314 182 24,8%
B 5MW) 23.1 14.1 % - 349 207 18.3%
C (10 MmwW) 26.6 20.4 % 413 223 21.1%

Several exciter-regulator designs were considered for the requirement of 0.1
per unit generator voltage with 1.0 per unit current output and 1.0 per unit

generator voltage with 0.1 per unit current output. The ten-megawait gener-
ator (Design C, Table3.2.1-1) was selected for these calculations, but would

have only one-megawatt power output capability for the above conditions.

Since excitation power is being taken from the generator ouiput, at 0.1 per
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unit voltage the voltagé available to supply excitation is below the amount re-
quired by the generator if a three-phase, full-wave.power stage is used with
three silicon controlled rectifiers and three silicon rectifiers. Therefore
calculations were made for series and parallel combinations of reciiiiers in
the power stage to obtain enough excitation power. This proved infeasibie
for two reasons; (1) ﬁhe firing angle approached 180 degrees when the gener-
?.tor output voltage was at 1.0 per unit and (2) the maximum power output
capability of the exciter regulator was so high at 1.0 per unit voltage that it
exceeded the allowable:generator field power dissipation capabilities, A
boost-current—transfor;ner, éxciter -regulator combination was considered
With the current transformer supplying one generator field and the exciter -
régulator supplying a second generator field and acting as a trimmer.

This proved infeasible because the exciter-regulator output capability was
marginal at 0.1 per unit voltage and also because of reason (2) cited above,
The best method appears to be a tapped power transformer and tap changer

for the exciter-regulator. This method will keep the voltage to the power

and control stages fairly constant as the generator output voltage is varied.

The weight and power loss for this type exciter-regulator is comparable to

the exciter -regulator for the one megawatt generator shown in Table 3.2.1-4.

Figures 3.2.1-7, 8, and 9 show respectively, exciter-regulator weight,
efficiency, and volume as a function of generator rating. Curve 1, in
all three figures, applies to the generator when it cperates at its rated point.

ES

(Curve 1 is also valid for 0.8 to 1.0 per unit generator voltage and current
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variations.) Curve Z)in all three figures.applies to the generaicr when it is
operating at 1.0 per unit generator voltage and 0.4 per unit current. The
weight and volume also apply for 0.5 per unit voltage and 1.0 per unit cur-
rent;but the curve for exciter-regulator efficiency at this c;éerating point has
not been included. As can be seen on the curves, a penalty must be paid in

exciter-regulator weight, efficiency and volume when variations of more than

0.2 per unit voltage and/or current are required.

In summary, an exciter-regulator with a three-phase, full-wave power stage
utilizing three silicon controlled rectifiers and three silicon rectifiers with
a magnetic-amplifier,gate-control circuit is the best design to [uliill the re-

quirements imposed in this study program.

3.2.1.2 Magnetic-Amplifier, Silicon-Diode Exciter —Regulator.

Power Stage

The static exciter -voltage regulators considered here utilize saturable reactors
and silicon rectifiefs in the power stage, because a saturable reactor can be
connected in series with a rectifying device to obtain a self-saturating mag-
netic amplifier and thus control the power output of the regulator. Any of

the rectifier power circuits considered in section 3.2.1 may be used with

this control method.

A sample calculation was made to compare the weights and efficiencies of
the three-phase half-wave magnetic amplifier and the three-phase full-wave
magnetic amplifier power stages. The results showed that tae three-phase

half-wave power stage was lighter by 11.7 percent but its efficiency was

’.._l
[€N)
N



[ng]
6
i

I N Pt _
K3 - -
o8 - R el e
) el - -
ored
W ol P8 26 SeARRAEiEs
p IR {
§ 4lidE 43 1
|1 jos - RER NN e v
o oamle > O G
bh w RS- REENEN RS . 2 0 T 4
Q @ HITEEE TEET L EESERREE
Moo=l a8 28 15
.Vmui,%.uu = e B RN - _ ] lnwﬂDu..»L.
of[fOO OO0 T Hhibs
[ =1 I N PR R I PO I
% G188 288 : -
Q MMid ® o T T s
" /B VI S M O
= Lo 0o oo RS £
e a8 oo - - |-
OO OO T TR T -+ - -
i HoO o oo : AN M - -
o EREEN .IT%PH/ HERENENNE AN
e e ke SR kel
Sy . L SEaNERRNNER NN L1 “LL-
P S - [ G S S WY S ,:.x il L Rand St son ol N u - 11100 ]0 5 SN S0 S J S e O
- S U I 1 - - AN Bl o o o . [ Y 1 P I N O -
e S Emn AN AR I SEERRERRRES

A PECrTTE spunod - 1USTOM T

A O A S N O NN AR 1
. B O Y L e 1
1 !




<
o

it}

sl s

T
e

I

~
kS

L
¥
19

DU

VY
9

ato

]
i

¥
4
he

'

"
-

L
)
v

Figure 3. 2.1-8

O‘:
Generator Cutput Cu
Generator Quiput Vo

ci
G
]
Generg

R
T
3

[
[
I
T
|

+

[

l

T

i

1
—Z

G S U U U N O - [ - I O S Oy i
J B Y N GO S —- - S U, S
- - mTaan S

. .

fTYTSCSOrCTTYT Y O oY Iy YOy Mmooy My rMmy ™y oy ey ooy oo i




R

UL

ator Vol

<1
Male

o

~Exciter - Re

Versus

or

¥
9

T
|

Rat

General

9

2
A
L
i

it
Curren

C
4
L

or Guipui
)

1= o
44
-+t &

.
!
ene

Generator Ot

G

=~
«J
R

1

Y

cmde  cow
ene =
(R v

"
<
1

1

erator Guiput Cur
i

Gen

i T EnSamEnl /{Tx\\_ T T - . 5
G A i o Sy Ft- ! b
L T v i N O R
1L 1NN \ [
ANEN RN L o y | m
\ Tt
, | \ L
1! 1] o
1L ) RENRE L
aEEN ARRERE A
- (WY auE L
, il e
- N I I Tﬂ _ . A m

2

0

.

)

s B o I v B e

LS T DR N S

r

Figure 3.2.1-9

1]
o™

Lo

A




N

[S)

Lo

.3

(.0 0oy

e

L.

lower by 13.3 percent. The full-wave circuit was chosen, however, because
it permits operation of the rectifiers at lower currents and higher voltage,
thus allowing the generator field resistance to be increased. The increased
generator field resistance is important because it will swamp cut the effect

of lead resistance.

The maximum operating junction temperature for high power silicon recti-
fiers is 190°C, 1 This will allow operation of exciter-regulators utilizing
these devices in the power stage at higher temperatureé than the exciter-
regulators utilizing silicon controlled rectifiers. Therefore, the exciter-
regulator designs in this section will be based upon an average coolant tem-

perature of 100°C.

Preamplifier

The preamplifier, as stated previously, receives an error signal from the
error detector (sensing circuit), amplifies this signal, and .furnishevs the
control signal to the power stage of the exciter-regulator. A three-phase
half-wave magnetic amplifier has been selected to perform this function.
This circuit is not as efficient as the three phase full wave magnetic ampli-
fier but due to the low power requirements of the preamplifier this becomes
relatively unimportant. The three-phase circuit gives consistent operation
for any unbalance between phases of the generator output voltage due to an
unbalanced load or unbalanced fault. If a single-chase magnetic amplifier
were used, operation under an unbalanced load or unbalanced fault would

b

1. Reference section 3.2.2.2, Silicon Rectifiers, in the Space Electric
Power Systems Study Progress Report - First Quarter.
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- depend upon the relationship of the faulted phase and the phase used for the

preamplifier power supply.

Parametric Data

The parametric data for these exciter-regulators is based unon the foliowing
assumptions:
1. The normal steady-state peak-inverse voltage applied to the silicon
rectifiers is hé.lf their maximum peak-inverse-voltage ratings.
2. The average temperature of the exciter -regulator coolant fluid is 100
degrees centigrade. |
3. The maximum steady-state current of the silicon rectifiers is held
low enough so the maximum junction temperature is derated by at
least 25 percent.
4. The magnetic amplifier is designed and packaged to hold the temper-
ature rise to 50°C maximum.
5. The power-transformer power loss and weight is based upon 180°C

temperature rise.

Table 3.2.1-5 shows the packaged weight, packaged volume, and power loss
for exciter-regulators for control of the generators of Table 3.2.1-1 when
operating at 1.0 per unit Voltage with 1.0 per unit current output. This ex-
citer-regulator, like that in section 3. 2. 1. 1, is suitable for conirol of the
generators when they are operating at 0.8 per unit voltage with 1,0 ver unit
current output and a 1.0 per unit voltage with 0.8 per unit output. TFor a

requirement of 0.2 per unit voltage and current swing at constant power

o



output, an additional control circuit must be furnished to supply a signal to the
exciter-regulator that is proportional to load power for proper excitation con-

trol.

Packaged Weight, Packaged Volume, and Power Losses for Zxciter -Regula-
tors for 1, 5, and 10 Megawatt Generators Operating at 1.0 Per Unit Voiiage

and Current.

5 Exciter-Regulator i
j Generator v 5 :
f Design Weight-1bs, Volume -ft” Power Loss-V/atts

LA (1MW) 40.8 0.916 454 |
( B (5 MW) 49.6 1.12 567 |
©C (10 MW) . 56 1.26 658 i

The requirement of generator operation at 0.5 per unit voltage with 1.0 ner
unit current output and 1.0 per unit voltage with 0.5 per unit current output
imposes a penalty on the exciter-regulator. The regulator must be designed
to have the capability of‘supplying the necessary excitation when the generator
is operating at 0.5 per unit voltage. Since it is assumed that the power to the
regulator is obtained from the generator bus voltage, when the load require-
ment is such that 1.0 per unit voltage output is required from the generator,
the regulator has approximately twice the voltage output capability for the same
conduction angle. Therefore, the conduction angle must be decreased because
the regulator power outpﬁt is higher than required by the generaior. This re-
sults in higher rms currents per phase which requires a larger power trans-
former and power-stage magnetic amplifier and results in larger power losses

in the regulator. Table 3.2.1-6 shows the exciter -regulator packaged weight,
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packaged volume, and power loss for generators operating at 1.0 per unit

voltage with 0.5 per unit current out-put.

TABLE 3.2.1-6
Packaged Weight, Packaged Volume and Power Loss o Exciter-Regulztor
for 1, 5, and 10 Megawatt Generators Operating at 1.0 Per Unit Volizge with

0 T~ TTews
0.5 Per Unit Current Output.

Exciter -Regulator |

Generator ‘
Design_ Weight-Ibs.  Volume-ft3 Power Loss-Watis |
A (1MW) 45.9 1.03 500
B (5 MW) 54.8 1.23 594
C (10 MW) 85.8 1.48 734 ]

The -curves shown in Figures 3.2.1-10, 11, and 12 show exciter-regulateor
packaged weight, packaged volume, and efficiency as a function of the gen-
erator rating. Curve 1l,on each figure,represents the exciter-regulators
that control generators operating at rated voltage and current. Curve 2.cn
each figure;is for exciter -regulators that control generators operating at

1.0 per unit voltage with 0.5 per unit current output. The weight and volume
is also valid for the operating point of 0.5 per unit voltage with 1.0 per unit
current output; the power losses, however, are lower. The efficiency curve

for condition 2 is shown for the higher steady-state power loss.

Conclusions

A comparison of the parametric data for exciter -regulators utilizing mag-
netic amplifiers in the power stage with exciter -regulators using silicon-

controlled rectifiers shows that the latter is more efficient and has smaller
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size and weight. The ‘lbwer efficiency of the magnetic amplifier tyse is caused
by the additional power loss in the power-stage magnetic amplifier and in the
power transformer. Power transformer losses increase because of the high
voltage and cur rentvoutout required because of the voltage drop across the sat-
urated reactance of the magnetic amplifier. The increased size and weight is due
to the larger power transformer required and the power stage magnetic amplifier,
which is an additional component not required in the exciter -regulator using sili-
con controlled rectifiers. A system analysis is necessary to determine if the
50°C increase in coolant temperature offsets the increase in size, weight and
lower efficiency of exciter-regulator using magnetic amplifiers. Another con-
sideration is the additional time delay introduced by the magnetic amplifier will
usually make stabilization of the system more difficult and impose some penalty

on system transient performance.

3.2.1.3 Magnetic-Amplifier, High-Temperature-Gas-Tube-Dicde Zxciter-
Regulator.

Power Stage.

for these static-exciter, voltage-regulator designs utilizing a magnetic amolifie
with high temperature tubes in the power stage for control of 1, 5, and 10 mega-
watt generatbrs, the three-phase, full-wave circuit wals chosen for the reasons
stated in section 3.2.1.2. The high-temperature gas tubes would permit operation

up to ambient temperatures of 400°C.~ However, the limitation imposed by the

1Reference section 3.2.4, High-Temperature, Gas-Tube Diocdes, in the
Space Electric Power Systems Study Progress Report - First Quarter
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present state-of the-a*'t for magnetic amplifiers restricts the wimer cnernii
2 , .

temperature to 180°C.~ Because of this magnetic amnlifier temveraiure Limi-

tation, it is assumed that the average coolant temperature is maintained at

180°C.

H e} 1 af a1l ant vartifiavg A orladae Tl bl mey bacania maa
The use of gas-tube diodes in lieu of silicon rectifiers to atiair O1ZOCYT Lemiper-

(0]
0]
o

ature operation for the exciter-regulator results in higher power losses for two
reasons: (1) higher tube forward voltage drop, (2) the tubes are the not cathode
type and require filament power for direct heating of the catiicdes. The filament

power requirements (95 watts at 2.5 volts rms) exceed the tube forward conduc-

tion power losses and result in lower regulator efficiency.

The magnitude of the applied filament voltage is critical, since tube forward
voltage drop is a function of filament voltage; therefore, the filament voltage
must be held at the proper level to assure maximum reliability. Assuming the
power supply voltage for the voltage regulator is taken firom the generator ter-
minals fluctuations in this voltage will affect the filament voltage; therefore,
means of regulating this ‘voltage such as a constant voltage transformer or volt-
age regulator glow tube will be required. A circuit to provide this function has
not been determined and its effect has not been taken into account in the para-

metric data.

The section on High-Temperature, Gas-Tube Diodes (see footnote 1) states that

the present gas tube with 2 10 ampere average forward current ratin

2Reference section 3.2.2.1, High-Temperature Magneti
Space Electric Power Systems Study Progress Resort -
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in a peak inverse voltage rating of 200 volts. Data for the 10 amperce ithe
"'scaled up' to 10, 000 volts PIV is also given. Because a 10 ampere, 1500
volts PIV tube is adequate for the amount of excitation power required (2

factor of 2 on PIV) is is assumed that a tube with a peak-inverse-vcliage raling

pel

of 1500 volts can be developed with parametric data and physical characteristics
the same as for the 10 ampere, 10,000 volt unit, except the height. For purposes
imating the packaged regulator volume, the height of the 1500 voits PIV tube

is assumed to be 4.8 inches.

Preamplifier

kS V% A
diw (44 N dal JasdlUd Ll

A three-phase, half-wave magnetic amplifier was selected as the preamslificr for
this exciter-regulator as in the two previous cases. The choice of the coolant tem -
perature of 180°C has an advantage in that the rectifying elements required for the

preamplifier and also the sensing circuit can be silicon diodes instead of cas ‘ub

LUOES.

iy

(fe]
o]
€]

This is made possible by a relatively new silicon glass diode manufacturad by
Unitrode Transistor Products, Inc., Waltham, Massachusetts. Their published
data sheets specify an ambient operating temperature range of -100°C to +250°C

in current ratings up to 3 amperes at +25°C. With derating at increased ambient
temperatures, this device has sufficient current capacity for this application.

By using this device, instead of gas-tube diodes, considerable savings in size,
weight and power loss can be realized. Reduction in power loss is realized bhe-
cause the silicon diode required no filament power and has lower power dissipation

during conduction.

Parametric Data

Table 3.2.1-7 shows the packaged weight, packaged volume, and nower loss for

[T OR 94
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exciter-regulators for control of the generator designs of Table 3.
data shown in Table 3.2.1-7 is for exciter-regulators that control generators
operating at 1.0 per unit voltage with 1.0 per unit current output. The data is
also valid for generators operating over a 0.8 to 1.0 per unit voltage and cur-
rent range.

TABLE 3.2.1-7

Packaged Weight, Packaged Volume, and Power Losses for Exciter-Xegulalors

o

for 1, 5, and 10 Megawatt Generators Operating at 1.0 Per Unit Voltage with

1.0 Per Unit Current Output.

- Exciter-Regulator
Generator 3
Design Weight-lbs. - Volume-ft Power Loss-watis
A (1MW) 65 1.37 1384
L B (5 MW) 80.5 1.68 1578
- C (10 MW) @ 91 1.89 1708

Table 3.2.1-8 shows the same'exciter-regulator data as Table 3.2.1-7 excent
the generator opérating point is 1.0 per unit voltage and 0.5 per unit current.
These exciter-regulators are also capable of controlling the generator when
operating at 0.5 per unit voltage and 1.0 per unit current. Data is given for the
1.0 per voltage 0.5 per current condition because this is the most severe oper-

ating condition.

It should be noted again that the generator voltage variations, made necessary
by the constant power output requirements, will cause problems in maintaining

constant filament supply voltage and the circuit required to regulate This vali-

€

age has not been taken into account in the exciter-regulator package and power
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TABLE 3.2.1-8
Packaged Weight, Paclx.aded Volume, and Power Losses for Exciter-Recu-

lators for Generators Operahnor at 1.0 Per Unit Voltage with 0.5 Per Unit

Current Output.

Exciter-Regulaior
Generator :
Design : Weight-1bs. Volume -ft3 Power Loss-Watts
A (1MW) 72 1.51 1823
B (5 MW) 84.6 1.76 1554
C (10 MW) 105 2.17 1773

A graphical representation of exciter-regulator packaged weight, packaged

Pt

volume, and efficiency is shown in Figures 3.2.1-13, 14, and 15. Curve
on each figure is for exciter-regulators that control generators operating at
1.0 per unit voltage and current. Curve 2, on each figure, is for exciter-

regulators that c,;ontrol generators operating at 1.0 per unit voltage with 0.5

per unit current output.

Conclusions

1

The larger size of high temperature components results in a larger package
for this type of exciter-regulator than for the previous two types. The effi-
ciency is lower because of the filament power required by the high temper-

ature tubes and higher tube forward voltage drop. FHere again, a system

analysis will be required to determine if the kigher allowable ccolant temper-

ature is worth the additional cost in size and weight.

A development program which culminated in a magnetic amnlifier which had

Lan

relatively high power handling capabilities in the temperature range frem
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330°C to 400°C would allow design of an exciter-regulator casable ol Cieruiion
at coolant fluid temperatures in 300°C to 350°C range. Advancement in the
state-of-the-art for materials and also manufacturing technigues would be re-

quired to obtain this operating témperature range {refercnce Hizgh Temnerature
o 1" o

Magnetic Amplifiers, footnote 2).

- Another possible approach to high temperature operation would be development

of a high temperature thyratron. Possibly the preamplifier could utilize high
temperature gas triodes for thyratron control. High temperature gas tricdes

are now available but high temperature thyratrons are not.

The above development programs are cited as additional approaches extend-

ing the allowable operating temperature for exciter -regulators.

Development work has been preformed on a voltage regulator capable of oper-
ation at temperatures in the 315°C 'range on the Hotelec program. This regu-
lator utilizes high-temperature,gas tubes and magnetic amplifiers. However,

the steady power output capability of the regulator is in the 200 watt range

which is far below the excitation requirements for this application.

3.2.1.4 Magnetic-Amplifier, High-Temperature-Semiconductor Exciter-

Regulator.

High temperature diodes presently available are fabricated of gallium arsenide.

The maximum peak-inverse-voltage rating available is 55 volts ard the maxinmum

forward current rating is 250 milliamperes. The power handling capabililies

1 Reference section 3.2.2.5, High Temperature Semiconductors in the Space
Electric Power Systems Study Progress Report - First Quarter
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of this device make it unacceptable for high temperature, high-power ciciler-

regulators at the present time. The present state-of-the-art of high-temper-

+ia

ature magnetic - amplifiers capable of providing high-power output, limits the

allowable operating temperature to approximately +180°C. 2 pgvan

state-of-the-art (see footnote 1 and 2) may prove these designs feasible at

some later date, but for the present these designs will be deferred.

2 Reference section 3.2.2.1, High Temperature Magnetic e
Space and Electric Power Systems Progress Report - First Quarter.
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3.2.2

T

Switch Gear

The switch gear necessary to accomplish the various system functions as

been described in the First-Quarterly Report. The following is a summary of

the three types of switch gear needed.

1.

Line Circuit-Breaker

A line circuit-breaker is required on the g'enera'tor'output to provide a
means of disconnecting the load during system startup, system shut-
down, and permanent fault removal. In addition it provides the function
of interrupting and reclosing, when directed by suitable control in-
telligence, as in the case of temporary flash-overs of the propulsion
machinery.

Bank Switch

The bank switch is required for 100-percent step changes in bus volt-
age. This device is used in conjunction with isolated-transiormer-

secondary sections and their associated rectifier-banks tc provide

these large variations in bus voltage.

Tap-Changer

"The tap-changer is required for less than 100-percent sten changes in

bus voltage. Its function is to place the generator ouiput voltage on
various taps of the transformer primary to effect a change in the trans-

former turns-ratio.

The general approachtowardparametrically evaluating the albove switch gear

is:
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Dielectric Properties;
The dielectric properties of a vacuum are much more favorable than thot

Llick

of any of the solids or gaseous mijedia. Some of the literature sizies
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dielectric strengths of 108 voits -per-centimeter in a vacuu:
reason, it was decided to utilize a non-hermetic-sealed approach on all
switch gear.

Interruption in vacuum;

Power interruption in a vacuum environment has been found tc be very
superior to either liquid or gaseous media. In the case of liquid or
gaseous media, the mean-free path of particles within the interrugting
gap is very short; hence, the mechams m of avalance collisions and the
resulting ionization is a very predominate factor in successful power
interruption. For successful power interruption, then, a conventional
means of de-ionizing these media must be incorporated. In the case of
the vacuum environment, the mean-free path of particies within the gap
is much lonO"er than the gap itself, hence, the condition of avalance

"

collision to produce ionization is virtually non-existant. For thi

w
i
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the parametrlc approach for the above equipment was again directed to-

ward utilizing the vacuum environment to gain the superior interrupti

0\2

ability and again to avoid hermetic sealed enclosures.
Steady State Losses;

There are two prime sources of steady state losses in the above swiich-

gear. These are the I2R loss at the contact faces and theilxm iosses

3

throughout the interconnecting bus-work in the switch gear itself. Ruted
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current levels vfor the various switch gear ranges from 25 amneres input
on an 8 bank switch to 6,667 amperes line current on the circuitl breaker
and tap changer.

Contact configuration,;

The basic configuration of the knife-type contact is in figure 3.2.2-1.
This configuration was chosen because; (1) the configuration inherently
provides two parallel paths for the load current; {2) the physica
of the contact can be increased to provide a line contact rather than a
point contact; (3) flexibility of the female portion of the coatact can be
achieved by spring-loaded butt-edges, thereby avoiding the need for
flexible bus work; (4) operation of this type contact can be accomplished
by entering the male section from either side or, by suitable design,
from the front. This flexibility of engagement was used primarily in the
tap changer and bank switch equipment.

Cold Welding in vacuum;

The most severe problem, from a feasibility standpoint for the switch

gear, is cold-welding contact surfaces in a vacuum envircnment., This
is recognized as a very serious problem and one that must be solvea
before detailed designs of mechanical switch-gear for vacuum use can be
completed. The parametric estimates of all the above switch—geér was
prepared on the assumption that the cold-welding problem can be re-
solved and feasible solutions achieved. It is anticipated tzat much ex-
perimental work must be done, in order to select those metals, alloy

and/or mixtures which will not be vulnerable to cold-welding and still



[ R

]

L

——

L)

Coa

—
)
©
Dy
—

LINE

CONTACT CONFIGURATI

CIRCUIT BREALXE

s

N

O

Figure 3.2.2-1

bt

[@X

(@5




2

'

Lb

(-]

PR

L.

(]

- .1 L)

L.

have feasible electrical characteristics, before firm switch gear de

signs can be achieved.

An alternate approach to avoid cold-welding is to seal the equipment

T‘

and to provide an artificial environment.

1is could utilize several

rupting capabilities. Larger and heavier equipment would, however,

result along with the additional problem of seal reliability. The sealed

approach is not considered in this study.

Cooling;

The bank switch and tap changer will be cooled by passing coolant iluid

through coils or tubes attached to the stationary outer drum. Heat

erated by bus and contact losses at the outer drum will pass to the

gern-

ceolls

by conduction. Radiation will be utilized to transfer heat losses from

the inner drum to the outer drum. The line circuit breaker will be
cooled by coolant tubes or a cold-plate built into the structure of th

unit.

Curves are presented showing weight, volume, and losses with coo

e

P
iant

average temperatures of 100°C, 300°C, and 500°C. Coolants and allow-

able temperature rises are as follows:

Temuperature
Coolant Average Temperature Coolant Fiuid Rise
100°C Moncisoprenyl binhenyl LS
300°C OS-124 or eutectic NuX 15°C
500°C 08S-124 or eutectic NaX 16°C
157
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The above characteristics of the coolant fluid
presented in the First Quarterly Report. (See Figures 3. 2.4-2 through

3.2.4-4 in the First Quarterly Report.)

3.2.2.1 Line Circuit Breaker
The line circuit breaker is fundamentally a three-pole single-throw device
with an actuating mechanism capable of remote operation. This type of cir-
cuit breaker was chosen based on the assumption that the physical location of
the circuit breaker in an actual space vehicle system, and also the mcde of

.

electrical system operation, would not be compatible with a manually ocperated

circuit breaker.

Figure 3.2.2-2is a schematic diagram of the line circuit breaker. The breaker
will open or close the three-phase lines when the trip or close circuit is ener-

gized.

Figures 3.2.2-3 through 3.2.2-11 present the result of this portion of the para-

iy

metric study. The extremely large weight difference between figure 3.2.2-

(W)

and 3.2.2-9 is the result of the different generator voltage and current levels.
The extremely high levels of current require large contacts to keep the steady-
state contact losses down to a reasonable value. In addition, the internal bus-

work must be proportionately larger for these currents.

3.2.2.2 Tap-Changer

-

The mechanical configuration chosen for the tap-changer was thatofa

ota -
fwgvas

table inner drum and a fixed outer drum both of cylindrical shape. All input
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LINE CIRCUIT BREAKER SCHEMATIC
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and output connections to the tap-charger are made on the cuter drum. Lo
inner drum is rotated by a driving mechanism from one angular station to the

next such that contacts on the inner and outer drums are engaged.

1

Figure 3.2.2-12 shows the basic electrical function of the unit. On the cuter
drum, levels 1, 3, and 5 will be used as output connecticns to tae transiormer.
The input connections to the tap-changer will be on levels 2, 4, and 6. Tor
example, the input on level 2 of the outer drum is taken to level 2 of the inner
drum by a contact and 1nternal bus-work connected to 1ove1 1 of the inner drum.
The inner drum level 1 1s connected to the outer drum level 1 by contact tha

¥

is dependent upon the position of the inner arum.

The input power is placed on the inner drum by means of a contact. This method
was chosen in lieu of flexible bus work connected directly to the inner drum ke-
cause it is more feasible to develop the contacts than to develop heavy bus work
which is flexible and also reliable in a vacuum. Flexible copper braid, for ex-
ample, was avoided because of the probability that each individual strand would

eventually cold weld in a vacuum thus defeating its original purpose.

Figures 3.2.2-13 through 3.2.2- 27 O‘faphlcally present the resuits of this por-
tion of the study. Figures 3.2.2-13 through 3. 2.2-21 are for the weigat, voiume
and losses for a four -tap}tap-changer. Figure 3.2.2-22 through 3.2.2-27 saow
the weights of two-tap output and six-tap output tap-changers at the 1';00/ 1732

voltage level. The two and six-tap output units were incluced for beiler weisht

evaluations of variable voltage systems.
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TAP CHANGIR SCHEMATIC

(4 Tap Output)

INNER DRUM
(=— Rotation)
level 1 ———- . ?
9 —— - o! O———0 ':!>
4 ———— o -O—C <
5~ 9
|
6 ——— & O O
[ ! x |
i [ | i
OUTER DRUM
(Fixed)
| ] { !
o |
1] -——— o o) o) o) Cuiput
p J— o Input
3 ———= o o) o o) Output
4 ——we 0 Input
5 ———— o © © 0 Output
6 ———— o} Input

Figure 3. 2. 2-12
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As in the case of the line circuit breaker, the 500/856 volt tap -changer iz

much heavier than the higher voltage tap-changers. This again is due t

high current levels associated with low voltage systems.

3.2.2.3 Bank Switch

Four-bank and eight-bank switchés of the same basic configuraticn wer

studied. The configuration used is essentially the same as the tap-changer

ca s

M

~
O 1:ae

i.e. a rotatable inner drum and a fixed outer drum. Again all input and out-

put connections are made to the outer drum.

Figures 3.2.2-28 and 3.2.2-29 are, respectively, schematics of the four-

bank and eight-bank switches. The operation of these switches is the same

as the tap-changer except for multiple input connection and cnly two output
connections (positive and negative). Rectifier bank connections are shown

by dotted lines in the outer drum portion of the schematics.

Figures 3.2.2-30 through 3.2.2-35 show the results of this poriion of the
study. Input and output voltage levels were chosen by earlier analysis.
The data presented here is, therefore, only for 5 KV d-c input and 50 XV
d-c output for the eight-bank switch and 10 KV d-c¢ input and 50 XV d-c

output for the four-bank switch.

fd
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BANK SWITCH SCHEMATIC
(Four Bank)

INNER DRUM
( <— Rotation)

Level 1———— O—¢—0 4) Oo——0 ¢!

OO
O—0

3_,_—— o—d l O—<

OUTER DRUM
(Fixed)

3~———- r—0 mput
m—keg 7t r.;lo__._‘ -
i | i |
L._.r__l _ |
4~——- | © O——O - + + Culnue
|
|
5———- L-0—0—0—0 - Cutput

Figure 3. 2.2-28
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3.2.3 Multiple Diode Rectifier Circuits

3.2.3.1 Circuit Connection Considerziions

Because the individual dicde ratings are not compatible with system :
ments, diodes must be connected in series and/cr in parallel., Tie icliowing
cGiscussicn considers the effect and iimitation for these twe tynes of connec-

tions.

Dicdes in Series

The use of aiodes in some high-voilage nower reciificr appiicaticns reguires

the use of rectifier elements in series to form the equiveleni ¢f a single rec-
tifier device. The use of converticnzl converier circeuits can then ke annlizd

to the resulting rectifier stacks or columns. Tc¢ obtain the voliage capoibilily

atmn it 4 manacaantr A
a system it is necessary 1o Lro-

Pl)

to withstaad the peak inverse voliage PiV‘)

wn
e~
iy
1)
§t
Iy
Ou
Pan
<{
1
$" )
o
»
Fome

vide a positive means of uniform voitage disiributicn acros

diodes. Diocdes, which have their reverse characteristics matched

operated successfully in series without forced voltage valancing, Dzcause

N

the recovery time may differ from diode to diode; there is some question,

however, as tc the transient-voltage division during load switching. DBecause

the diode reverse characieristics vary widely, it is possible for several un-
matched diodes in a series string to atiempt o suppoft the inverge voilage
uch that the dielectric property of the rectifier device is exceedsd, Fereed
voltage division for diodes in series may be accomplished by shunting cach
dicde with a capacitor - resistor network to compensats for the cysiem
parameters which would otherwise destroy the reciiiler assemily, The vawus

of the resistors combined with the caracitive reaztance o
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tors provide a sufficiently low value of shunting impedance to insure unifory

&

voltage division under steady-state and transient veltage conditions. The
capacitors, which are primarily designed to off-set the effect of the distri-
buted capacitance in the system, offer the additional effect of reducing uneven

voltage distribution resulting from the difference in diode recovery time.

Because diodes can withstand greater unbalance than capacitors, the steady-

state voltage division across the capacitor must be controlled within closer
g P

]
(@)
4
oo
o]
[N
by
O
[
3

limits for greatest reliability. The shunting resistors used to for
voltage division across the basic diode of a rectifier assembkly alsc serve o
keep uniiorm voltage acress the shunting capacitors. RMMeainiaining the peak

fecurrent voltage across the capacitors within a specified percentage of the
capacitors d-c working voltage provides long capacitor life preventing cata-

strophic system failure.

Diodes in Parallel

To provide the required current capacity in some high power rectifier sys-
tems it is necessary to parallel diodes. The low regulation characteristics

of rectifying elements require a positive means of current distributicn t
prevent overloading individual diodes. Proper current division can be ob-
tained by matching the forward dibde characteristics, by the addition of series
resistance or reactance, by the use of balancing transformers, or by separatle
transformer windings. For this application, separate transicrmer windings

proved to be the most advantageous.

[y
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Reliability is normalily defined as the ability of a device to stiisiaciorily per-
form the specific function for which it was intenced. Mieny coniues system
religbility with component reliability. In some cases, this mazay ke true bw
it cannot be generally accepted as the final word. System reliability is not

necessarily assured by simply selecting diodes, resistors, and capaciicrs

ot
(@)

maat tha rnqniv‘nmap a nf mﬂ-’a.*ov-y ot
N o - hdede Vb A= YA NS v ~ e

Py Vials 4l Aldddd U

functioning in circuits for which they were intended would prove ths relia-

bility of the basic components; however, in dealing with high volicce assem-
biies, the reliability of the components is nct the complete crileria neces-

sary in establishing system relizbility. Sysiem reliability is an intergrzted
function governed by the manuiacturer's selection of componenis ascsociated
with the particular characteristics which are pertinent to the apnplied assem-

bly.

A parameter of particular concern for diodes in series is the hcle-ciorcg

gﬁi}e__gﬁ more commonly known as the dicde recovery time., The effect of tiis
parameter may go undetected in rectifier applications thaf normally recuired
to commutate forward current and block reverse voltage in elemerntary cir-
cuits employing one or two diodes in series. For applicetions requiring many

diodes in.series, this becomes one of the governing parameiers.

In rectifier applications it is necessary to consider the faull current regquire-
ments of the system. The magniiucde and duraticn ¢i overicod and fnult cur-
rents dictate the diode type to be used. In order to sunply fauil curreni, the

diodes do not operate rear their designed juncticn temperaiure woa PIV. I
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tained.

The PIV of the basic diode is determined by considering the possible unbalance
in voltage distribution in the series rectifier string. Tolerances of the shunt
resistors and capacitors, transient overvoltages, distributed capacitance to
ground, and failure of the basic diode or shunt capacitors cause uneoual voltage
distribution within the rectifier stack. A voltage factor of 2.5 of the system

voltage rating is normally satisfactory for high voltage rectifier assembhlies

to compensate for unbalanced peak inverse dicde voltages.

The proper application of the basic diodes and associated shunt components
to a high voltage rectifier assembly will provide a system where a diode or

capacitor failure is possible and system integrity can still be maintained.

Corona

In electrical systems of 30, 000 volts or more, in a gasecus media, a
known as corona is likely to be encountered. Corona is an icnization of the
gaseous media caused by over voltage stress from high potential gradients

emanating from sharp edges. To counteract this condition mechanical at-

tachments can be adapted to the rectifier stacks.
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3.2.3.2 Silicon-Diode, Rectifier-Circuit Paramelric Data

bk

miectrical System

The basic transformation circuit considered in the rectifier circuit parametric
study is the Wye, 6-Phase, D a, Double Way (Bridge;. This conlizuration, as
determined in the First Quarter Revort, provided an overall reciifier system
with the least number of diodes and highest rectifier efficiency. This part of
the study considers the diodes and voltage balancing componenis. The wrans-

former parametric study is presented as a separate write-up.

Tables 3. 2. 3-1 through 3. 2. 3-6 list compoaent quantity, size, weigat, and
power losses for a 4-bank and 8~bank silicon-rectifier system capable oz
providing 1, 5, and 10-megawatts at system direct current volitages of 5,

10, 20, 40, and 50 kilovolts.

A voltage factor of 2. 5 of the normsl diode peak inverse voliage reguiremen

established the dicde quantity per rectifier bridge.

meets the normal 10-megawatt system current requirement in the range ol ¢
to 20 kilovolts and provides short circuit capability when paralleled. Thz
of two permanently paralleled rectifier bridges and the associated transiormer
secondary windings do not alter the basic bank switching arrangement, Vilh

continued advancement in current cepabilifi

of 500 ampere devices within 5 years, a 4-rectifier bank without parallsled

diodes would furnish the required power.
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Ccmparison of rectifier efficiency fo th
voitage requirements is presented in Figures 3. 2. 3-1 through 3. 2. 3-4 for
the 8-bank and 4-bank silicon-rectifier equipment. These efficiency curves

include the power losses of the associated capacitors and resistors.

Ccoling System

Variation of total weight and volume, reguired coclant flow, and coolant in-

let temperature for the 4-bank and 8-bank rectification systems at 1, 2, and

10-megawatts is presented for toth a cold-plate cooling sysiem and a iiguid-

bath cooling system in Figures 3. 2. 3-5 through 3. 2. 3-8. Mcnoisoprosyl
biphenyl (MIPB) is used throughout as a coolant. Coolant flow and inlet

temperature curves are based on an assumed coolant i

(ED
(o)
[0}
+
£
o
[
¥
o
' J
o]
w
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o
k4

16°C in the system.

In the cold-plate cooling system, diodes are assumed {o be mounied on 2

pete

layer of beryllium oxide insulation, which in turn is fastened to the plzte.
Coolant flow tubes are either embedded in or brazed direcily o the plate,
Beryllium oxide insulation is assumed to avoid a large insulaticn temper-
ature drop between the diode case and the coid plate. Ccoling-tube desiz
requirements are based on an assumed convection coefficient of 0. 500 waiis/
1n2—°C.

In the liquid bath coocling system, dicdes are mouried through converniicnsl

insulation to the supporting structure and are coripliclely iminzrosd 1o COOL-

-

ant, which flows directly over them. A convection coeflicient of G, 250 v rotts/
2 ..
in -°C is assumed.
20
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is shown in Tigure 3. 2. 3-5. In il cosag

.

e re fler-system total weight

r"n

5

this inciudes the Welghu of coolant fluid entrapped within the gysizm., Totod

Lhman Laail W adl

volume is shown in Figure 3. 2. 3-6. For the liquid-baih-cocled, 8-2ark gys-

tem it will be noted that the volume is the same for the 5 and 10-mzpowait
power ratings, and that the weight is nearly identical. The only dilicrence,

g

in fact, lies in a slightly increased elecirical interconnecting conducior

okl Loy
tnooaoniinog

P S S = il SSlhaa Ll Sy

weight at 10 megawatts. The reason “or this is that wit
the determining factor in size and weight is the volume and giructure re-
quired to package the 1056 diodes simiiar to Type JEDEC IN3170 used in
both cases. The difference in the heat load cf these dicdes between the 5
and 10 megawatt cases is reilected in the coolant flow and inlet temneraiure

requirements.

Figure 3. 2. 3-T presents required ccolant inlet temperature, drawn as

e’

straight-line segment curves. For cold-plate cooling, the required coclant
inlet temperature is determined as:

T, =T
£

Where T, ,quit = Allowable cold-plate conduit internal wail

conduit = ATconvection = ATfiuid

temperature, ound from modified curves

similar to quarterly revort Figure 3. 2. 4. 7.

ATcopvecti on = Temperature rise throuvgh the convection

iilm layer, assumed to ke 16°C.

|
3
)
O
o
3
j3b}
»
3
D
]
bt
Pl
'17
O
Pody

T = MO TRy i an nf o Toms 344 srm s oo
A fl‘ﬁd LAl GG LA DT LUl dae deavivh LoD L an Dol



b
@)
v
[

_ v 21
liguid-tath CCQ;L’:g,

- - e 5~ -
— £, = Tjenction = ATjumetion  sivd - AYeenvection

L " m G ) S yaan et mem 4 P, S A P FUR
— where Aijuiﬁ-}-; -~ = gtud 1S NS JUITLLCL T0 STUG temperiaurs W00
Cli0A <
—
! I At~ B - N -
: determined i ron fetc
dicde stud temperaivre and case temperature are & e identical
18G¢e S aperatire and case temperaliure 8re assumed «© Le identical

; ~ The fluid temperature rise is again agsumed o ke 18°C. Both ccozing

N method anzlyses assume 2 junciion temperaturs of 142°C derated 239 irom
the supplier’s specified maximum cof 160°C.

[

— With both ceoling systems the reguired coclant temze:

E 142°C junction desired is a funciion of the rectillsr Uy

ﬂ dissipated from each rectifier. Therefore, the temperature required by o

— 4 bank system is the same at both 5 and 10 megawalls, since teth use the

b

- same diode dissipating 87 watts each. Ths ciiference in overzail heat loss,

H as a resuif of different quaxntities of cicce raguirsd

- coolant flow, shown in Figure 3. 2. 3-&.

r

— It is interesting to ncte that for the &-baxnk,ccic-plate sysizm, thi reguireq
“" ¥ LA R . b s SRR TP
ccoiant inlet temperature is lower for the i-megawail rating system than
;"‘"\ ~ T+ = T i T : A 5 30 -
L for the 5 megawatt. This results from tre use of a smallsr dicde, similer
; _. te Type JEDEC TNM% with a comparatively high thermal resistance and
B , |
low surface area for the 1 megawatl system.
o
- Required coolant flow is assumsad o L& ned ek
N rise and is therefore assumed o ke the szme

A s g e
CoCLnT TEI-

- bath mathods of cceling.

218
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perature rise of 10°C. The data was obtained from Cuarierly Zsport

Number 1, Figure 3. 2. 4-2.

Darametiric Data
The present and estimated advances in th

ature semiconductor dicdes, such as gallium arsenicde and silicon carvide,

high-power, high-voltage rectification. The application of these devices

to this space application is, therefore, premature and will ke deferred.

3.2.3.4 High-Temperature Gas-Tube-Diode Ractifier-Circuit Para-
metric Data

Elescirical System

The Wye, 6-Phase, Delta, Doubie-Way (Sridge) Circuit has been retzined
for the hydrogen-gas-tube-dicde rectification paramelric study. 7The trans

former parameiric study presented as a2 separaie write-uvp will include the

transformer requirements for gas tube filament power. The gasdupe fiia~
ment power losses are included and appear under dicde losses in the dre-

Lt : “ R

pared tables. It should be re-emphasized at this point that the gas-tude
diode considered in this study has not been developed. The nericrmznce
ey

characteristics of the tube is based on extrapolaied daita of an exisiing 10-

ampere, 200 PIV design.

Tables 3. 2. 3-7 through 3. 2. 3-9 list the dicde quaniity, volumie, weight,

7

[\
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viding 1, 5, and 10 megawatts at system direct current voltages of 3, iC

b3 ' ~

20, 40, and 50 kilovolts. Because of the low current capability of the in-

PN o~

i Aial oo o diel
ividual gas-tu

be diodes, six permanently parali:cied bricges ar

oL

(@)

-
{.

for the S-megawatt system and 12 for the 1G-megawatt system. The nro-
posed arrangement is desirable electrically, but will be cumberscme Irom
a mechanical standpoint. Dicdes in series are not necessary because a 50
KV PIV rating can be provided in a single gas-tube dicde. As a minimum
value, therefore, the PIV multiplying factor is approximately twice the

value of the silicon-rectifier system.

The 4-bank system was rejected as impractical because it required twice

the number of fixed parallel bridges.

Comparison of rectifier efficiency to the direct-current system power and

voltage requirements is shown in Figures 3.2.3-9 and 10.

Cooling System

Curves are presented showing the variation of total weight and volume, re-
uired coolant flow, and required coolant inlet temperatuore for §-bank gas-
b o

tube rectifier systems of 1, 5, and 10 megawatts. A radiation cold-plate
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In the radiation cold-plate cooling system, the gas-tube diodes arc
to be mounted between cold-plate walls. Eeryliium oxide sheet is aszumed
as insulation to reduce the spacing between the cold-slate surfnce and the gas-
tube cdiodes. The diodes are assumed to radiate heat to the walls, which in

turn transfer the heat by convection to the contained coclant fivid. Ccoling

gian -

atts/IN“ -°C. In the liquicd-bath cooling system, ccolant fiuid is

3

passed directly over the gas tubes rather than through a sepaz
Beryllium oxide barriers are used between tubes to duct coolant fluid while
maintaining dielectric strength. With $S-124 coolant fluid, in this anpli-
cation, the surface convection film coefficient is assumed tc be 0. 125 watts/

IN? - °C.

The rectification system total weight is shown in Figure 3.2.3-11 and total
volume in Figure 3.2.3-12. The weight includes entranned coolant for both
cooling methods. Unlike silicon-rectifier systems, the weight and volume
of gas-tube-rectifier systems is substantiaily lower when the liquia-bath
cooling method is employed. This is due primarily to the ability of gas-
tube rectifiers to make more efficient use of packaging volume, thus re-
quiring a lower percentage of entrapped ccolant than the silicon-rectification
system. In this application the weight of additicnal entrapped coolant in the
liquid bath is consi'derably less than the weight of required cold-plate struc-
ture with the cold-plate cooling. It is fel

differential between the two cooling methods can be reduc
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however, the trend should remain the same. Figure 3.

s iy
allowable coolant inlet temperature, based on an assumed maximum gas-ithe
rectifier surface temperature ¢l .00°C. The maximum allowable coolant tem-

perature is siightly lower in the one-megawatt system t
megawatt systems, because the heat load per tube is slightly higher for tais
system. The maximum allowed temperature with the radiation, cold-plate
method is coﬁsiderably lower than that with the iiquid path, due to the large

temperature drop in radiation between the gas-tube rectifier and the cold-

plate walls.

N T amsan D D O 1A i oo meean AT Em Ve a mdent AiTer
RC\.Ll red coolant flOW See Iigure o.4.,o=1%, 15 &sS3Unicl to 08 Stridily &
isw » J

[

function of heat load and temperature rise and is therefore the same for
both methods of cooling. The data presented are based on an allowed coolant
temperature rise of 10°C and are obtained from Quarterly Report Number 1

Figure 3.2.4-3.

3.2.3.5 Summary
The rectifier efficiency of the silicon-dicde systems is higher than the gas-
tube diode system over the considered cirect-current, output-voltage range

of 5 to 50 kilovolts and 1 to 10 megawatts,

Because the weight of the gas-tube-diode system, shown in Figure 3.2.8-11,
does not inciude the weight of the filament transiormers, the total weight of

the silicon-diode system is less than the gas-tube-dicde system for ali (ree
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power cutput conditions., Comparing the S-reciliigr-tank sysieme caly

silicon diocdes also require less volume than ihe gas~tude cicleg, ior licuid-

Y m e Al Slan L Sl

oo s
M8 CORZILITEL, Lol w4~ LrCluliier-

Oi the two silicon-dicte gys!

o'
jov]
[
"
(@]
Q
O
:—:IJ
3
g

bank system is more efficient then the 8-bank system from 30 Lo 0 XV for

power ousputs of 1, 5, and 10 megawaiis.

It appears that liquid-bath cooling yislds the best welght, volumse, @il Ccloi-
ant temperature results for gas-tube rectifiers, while in the silicon recii-
fier system, cold-plate cooling shows the best weight and coolent termper-
ature data. In comparison with the silicon-rectification system, the gas—
tube rectifier system pffers a higher aiicwable coclani temperature range

in exchange for higher required weight, volume and coclant flow.
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3.2.4 Transiormer Parametric Jaa

= 3

Transformer designs were made fcr 10, 5, and I megawails o powWer at man-

imum operating temperatures of 500°%, 1000°F, and 15800°F. These cenditions
J 3

were selected to provide the maximum of informaticn o aid in determininga

system and to show penaities incurred.

A number of important facts have been brought to light by the data preduced.
These facts are:
1. A large percentage change in transformer weight produces only a small
percentage change in transformer losses.
2. Except for some limitations, the transformer electro-magnetic weignt
is practically independent of rating for equal conditions and eificiency.

Q \,—{

3. Multiple output windings, to provide variable cutput voltages at consian
output power, impose_a weight penalty on the transiormer.

4, High voltages impose a weight penalty that increases in percentage as
the size of the unit is reduced.

5. For the maximum temperature condition, 1S00°F, a severe weight and
loss penalty is incurred because the cobalt-ircn ailoys, required at
this temperature, have higher losses.

.
AT 1_ 5]
2r Iittle ad-

6. TFrom a weight-loss consideraticn, aluminum conduciors O

vantage over copper conductors.



[ SS—

‘penalty is incurred on the i000°F designs, because elevated temperatu:
o bJ

TN Ay a9 A 1. 3 M - Y TN A R
Figure 3.2.4-1; Curves A, B, and C show Iosses versus copper and izen

~

=~ 10 ey e . P ot [P S | I
0, 5, and i-megawatt transformers recsectvely., These truns-

Pt

weights for

5 on -

formers were designed for voitage variaticns from & XV to o0 XXV and included:
multinle secondary windings; winding output volitage variaticn of twe tc cue, by
limited generator excitation and primary taps; and insuiated fox

50 KV d-c. The transformer weights and losses are tabulated in Table 3.2.4-1

and -2, for both the minimum and maximum oulpul voliages.

Figure 3.2.4-2 shows losses/input power versus transformer corner and

iron weights. The weights and losses from 10, 5, and I megawatil (ransioriner
ings were used in plotting this curve. The curve chows that the weightis 2
function of losses/input power, or efficiency for given cperatin
not a function of the power rating. The limitations cccur when the irequency
or flux are at such a level that proper distribution ¢f ircn and conner losses
are not possible,withcut the iron being saturated,or when additicnal insulaticn

would be required because of voltage conditicns. Sece Tabie 3.2.4-5.

Figure 3.2.4-1; Curves D and E, show losses versus weight of a transformer
with a single winding capable of delivering 50 XV d-c and 5 KV d-¢ respecilvely
Curves A throuorh E of figure 3.2.4-1 show the transformer weight penalties

imposed by high-voltage and variable voltage at constant power requirements.

!

Figure 3.2.4-1; Curves F and G, show losses versus weight of o transicrmer
for 10C0°F and 150C°F respectively. The designs were made py aticnzins O

hold the ratio of losses the same as the 500°F designs. A

'5
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increase tn€ COPYEer 10sses faster than ine 1oon 88585 SOeeTCase, 0 CLdalioun

Jaky

" v A ) \ - . o £ i mdal TAcana M, TEOSST s
the CcOonBer 10ss 1s the large-: percentage Oof e 1oias 103388, 148 1ovy o do-

o ~ 1 a 2 lat an Y N Geba 1a AT Y lammea v 1A e
si gns incurred a iarger weignt er 0SS penaity « Leeause COSRiu-rYOl 4l0Y mMust

be substituted for oriented silicon-ircn material. Cchalt-ircn ailoys nave

higher loss (watts per pound) than silicon-iron alloys.

.|

Table 3.2.4-1 shows the weight and losses for designs using al uminum for

the conductor. The data indicates there is 1:0 weight-10ss advaniage using
aluminum as the conductor. Aluminum has a density of about cne-third, and
a conductivity of abaut 1 percent that of cogper with the combinaticn procuc-
ing an aluminum weight of one- ~-half {he cCpser 0T e same cenductvity, 3e-
cause the aluminum is larger in size, more winding space is reguired; thus
increasing the core mean-turn and weight. The larger conducicr size also
increases the mean-turn of the aluminum, its weight, an d iis resistance.
This condition then requires the conductor size and weigat, and the core size

LT 5 —~ )
the gsame 1csses. =e-

and weight to be further increasesin order ic mainiain
sides having no weight advantage, the volume cof the transformer with tne

aluminum conductor is larger than the cne wil: the coprer Con guctor.
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To supply variable voltage at constant power the transiormers wer

&

with tapped primary winding and multiple cutput windings. So nat egual cur-
rent division between windings or rectifier bricges cneraiing in paraliel
might be realized, the outpul v indings were designed ¢ suve nearly

impedances. Inaddition to the above factors, the folowing Conslaclillss

were used in the design of the transiormers: {1} Seccndary insulation !

based on a maximum of 10 XV d-c between adjacent windings, and S0 XV



d-c between win aings and ground. (2 Some smull weight savinge may Lo
‘j realized by altering the insulation systems which weuld resull In an increase
— in cost. (3) The total lossces are somewhat higher wion the ouput voliage of
j the winding is the highest. Because ¢f the construction of the transicrmer,
- it is believed the iron loss would be mor reac‘gly dissipated and whis higher
— loss was not considered too greata problem.
- Only electro-magnetic weights are shown in the curves: Structural welights
| "‘ will be proportional. Because insulation weight is a function of voliage rating,
the ratio of insulation weight to totzl transformer weight increases as the
= transformer rating is decreased. Figure 3.2.4-3 shiows weight versus input
F]
’ power. It may be used to estimate transfiormers for other raiings.
™
| For the high temperature-gas tube diode, rectifier systems, more dicdes
- must operate in parallel and to provide for neariy egual curren‘-’:‘di isicn,
= more transformer output windings are reqguired. The weight of the transior-
: mer increzses as the number of output windings. Additional transicrmer
- weight is required to supply power to the diode filaments. The acaidonal
- weight required for supplying filament vower will not icliow the curve charac-
; teristics because the windings must be insulated for high vbimge, The meihod
" ' of insulating, connecting, and switching rectifier banks would be an important
- factor in the transformer weight. For the 10 megawait sysiems 54, 270 waltts
w of heater power are required.
;_ Tables 3.2.4-6 and 7 summarize the total transicrmer weight and welght
analysis calculations of the transformer desizns in Tubles 3.2.4-1, 2, 3 and 4
) 241
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o ias nareontao £ inaysiati atr o ahiptugn AN liea 4 A be
Lsiimated perceniage o1 psuiation, eie. 18 sacwn il ane 4, ClnL

Lsval VTR s

packaged weight, not including cocling provisions

C

: Yy A T, 17 ~
, 1S 8a0Wn on wine V. Cooline

T sy S

— system dry weight is shown on line 8 with entrapped ceolant weishi showmn on

2

5

line 13. Total resultant packaged tranziormer weight, inciuding caimansed

coolant is shown on line 12.

Cooling system weights are based on the use of *GS8-124 coolant for all 500°F
- systems, and eutectic Nak at 1000°F anc 1500°F. To facilitate comparison of al-
t“;. ternate designs, a coolant flow of 100 pounds per minute was assumed throughout
-

the study.

Eutectic Nak was also considered for 500°F designs, because initinl siudy indi-

D5, J

- cated that the small convection film temperature drep ¢f Nak mizht yield a

f lighter overall cooling system design. A more detailed invesgtigation will be
required to verify this initial indication.
In all cases, cooling was assumed to be accomzlished by passing coolant
~ through ducts over external surfaces of the ccre and coil. Ducts were assumed
f to be made of nickel or stainless steel to facilitate conizinment of eutectic Nak,

— and to be insulated from all windings.

— . Cooling system weight was found to be virtually proportional to transiormer
- heat loss. The percentage of total weight comprised by the cocling sysiem

was found therefore tc vary from about 0.5 percent to nearly 4 percent, de-

prending on the magnitude of the losses in each individun! case.
, *Monsantc Chemical Co. Tracde Mark

[ A%
yir
(3]
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Cooling system design analysis for a ccolant flow \«7», oi 1C0 pounds wer i -

. . . s AT a a I Q0 Matda 2 O A O o Lo T gam e nee
ute is presented in Tables 3.2.4-8 and -9. Table 3.4.4-0 15 107 iU megawait

sum of the temperature rises caused by fluid heat absorpuion, and CCaveCuon
film layer are listed in the column "Total Temperature Z'se". Zccause the

convection film co-efficient of eutectic Nak is excepticnally hign, the temper-
ature drop across the film will be in the order of 1 cegree centigrade. See

Quarterly Report Number 1, Figure 3.2.4-4.

In addition to the coolant flow of 100 pounds per minute, the following acaition-
al data was used in the analysis:
1. Average Temperature: 260°C for 500°F, 538°C for 1000°F and 815°C

for 1500°F.

2. Coolant Characteristics 0S-124 Nek
Specific Heat .50 .21
Film Coefficient .D 20

Fluid Density . 0367 .0283

The tables show an overall coolant temperature rise :

designs. There will also be a copper and iren temperature rise above e
coolant temperature. This temperature rise is the gradient between sur-
M. ey A J

faces in contact with the coolant and those that are not. The gradient is ce-
penderit upcn the distance the heat has to travel axnd the ingulation material
type and thickness. If ducts were placed between coils ana core, & 85 per-

cent reduction in temperature gradient could Lo renlized. Without duets o

- a -1 E] A drer doyqea e S At el ] Fom o~ .o
cool the primary, the estimated femperature gradient wou i de in tne range ol



,,,,,,, S
e
[ R T R R S

e

Coo'Es

5

9% v

09¢°2.2

veI-t0

002°L8

o\z

SPUNOJ
RIARUGIRE

gpunod
“2:A oany,

D, 93
CGUIa Y,
1€

(231

37y dwal,

~DOATLOD

uon}

csn rdwag,

pingg
JUT[COD

1a2{00D
odLr,

..qU \.Mw.".w.%ww
S88507]
12701, AZIOT

9 J01ILOD

odiy, voil

Bt

W3y, ©

oTIBA 107 aangeasdwal, ¢

we I

V ~r~0\_0%

‘CﬁﬁOOO

8-v

4

g

el




5731 AN 3 a4 N G
PR 21 03 q AR 3

DN A 308 81 3 $'G D) 038

014 639 819 82 481 a'sl 3150 04112

7ol 0359 53749 Ve 103 N R4 el 310 0eo‘zg

53 93°9 g Zh AN 9'23 aIT 72150 605°e2

azado))

WS Do Cond (2ony tdwal, [esty ‘dural, 20 snem
Sarieo, S SpuUnog *Cis1a g, uon P g 8053071 od4 g, uoay
12100, WA DI | 2 eqng, 12101, ~32AUOD URe0D | L) 12108, A3IG |3 J010npro))

CUS[ST JSIOISURLY, SNOTIRA .

“—

O saniRIzIWal, puR &

2§ SIRL

——




oy

[

Lams

Lo—

e}

7G

N
e+

0 SG°C. The

ot

AT G A ke maa o lan m e ard TNy el e
emperature graclents can 2:80 08 reauled DY B3Ctiing

&

trans:ormer with a good heat conducting ma
the potting material might be offset by cverall system weizht savin

by higher coolant temperatures and/or a lower elecirc-magnetic wei

higher losses.
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